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Abstract 
Nanoparticles with well-defined morphology and composition have been studied 
extensively for their applications in catalysis, energy conversion, and beyond. The unique 
properties of nanocrystals often highly depend on their shape, size, and composition. Therefore, 
control of morphology is essential in the development of nanocrystal-based materials. 
Design of nanocrystals, however, is still difficult in solution-phase synthesis, largely due 
to insufficient knowledge of the controlling parameters for the synthesis. For metal nanoparticles, 
the interactions between metal ions and commonly used ligands in solution-phase synthesis are 
still not clear, nor are the effects of these interactions on the formation of metal nanocrystals. It is 
crucial to improve our understanding of the formation mechanisms of metal nanocrystals in order 
to produce nanocrystals with controlled morphology. 
This dissertation focuses on the metal ion–ligand interactions and the effects of these 
interactions on the formation of metal nanocrystals during solution-phase synthesis. Formation of 
metal ion–ligand complexes were investigated for the synthesis of Pd and Pt nanocrystals. 
Structures of metal–ligand intermediates that formed were identified using single-crystal X-ray 
diffraction, mass spectrometry, and UV–vis spectroscopy. Two-dimensional multilayered Pd 
nanosheets, Pt nanocubes, and Pd nanoplates with controlled morphology were synthesized. The 
adsorption of metal intermediates and ligands on Pd surfaces was studied using density-
functional theory (DFT) calculations. The effects of metal ion–ligand interactions on the 
formation kinetics of Pt and Pd nanocrystals were analyzed quantitatively. The experimental data 
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show that the metal ion–ligand interaction affected the synthesis of metal nanocrystals through 
the formation of metal–ligand intermediates, which controlled the anisotropic growth and 
formation kinetics of metal nanocrystals. These results provide molecular level understanding of 
the formation mechanism of metal nanocrystals, indicating that design of molecular precursors is 
an important factor in controlling the morphology of metal nanostructures. 
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Chapter 1 Metal–ligand Interactions in the Synthesis of Metal 
Nanocrystals 
 
1.1 Introduction 
Nanocrystals provide invaluable solutions to the major challenges faced by modern 
society, in diverse fields such as energy conversion,
1
 biomedicine,
2–4
 catalysis,
5
 and information 
technology.
6
 Their unique optical,
7
 catalytic,
8,9
 magnetic,
10,11
 and electronic
12,13
 properties have 
been explored intensively in the past two decades. These properties are often highly dependent 
on the shape, size, and composition of the nanocrystals. For instance, the catalytic performance 
of metal nanocrystals is highly dependent on their crystallographic facet, surface composition, 
and particle size.
14–17
 Therefore, the morphology control of nanocrystals is essential in the 
development of nanocrystal-based materials. 
Solution-phase synthesis provides an invaluable platform to produce well-defined metal 
nanoparticles.
18–22
 It typically involves the use of metal precursors, solvents, reducing agents, 
and various ligands. The ligands are often chosen from various types of surfactants, which serve 
as agents to control the growth morphology. During synthesis, a metal precursor is reduced or 
decomposes into metal atoms, which subsequently form metal nanocrystals. By changing the 
reaction conditions, such as ligand environment and heating method, precise control over the size, 
shape, and composition of metal nanocrystals can be achieved.
20,23–26
 
Understanding the formation mechanisms of metal nanocrystals during solution-phase 
reaction is crucial for the rational design of nanomaterials. Several well-known theories on 
nucleation and growth of solids in solution include the LaMer mechanism,
27
 classical growth 
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theory, 
28
 and Lifshitz–Slyozov–Wagner (LSW) theory.29,30 These models, however, lack the 
details required in the current synthesis of metal nanocrystals, which widely use surfactants and 
non-aqueous organic solvents. In practice, the design of nanocrystals still relies heavily on 
empirical observation. The underlying formation mechanisms of metal nanocrystals in solution 
are still not fully understood. In particular, reactions between metal ions and ligands were 
overlooked in many synthetic systems. Fundamental studies are necessary for the advancement 
of the research in this field. 
Recently, new roles of coordinating ligands in the understanding and design of 
morphology-controlled nanoparticles have been recognized. The effects of ligands on the growth 
kinetics of nanocrystals have also been shown.
 25,31–34
 These results suggest that now there is 
enough background information to begin a study on the connection between metal–ligand 
interactions and the formation mechanisms of nanocrystals. The objective of this dissertation is 
to elucidate the relevant metal ion–ligand interactions in solution, and to reveal their effects on 
the formation of metal nanocrystals. In the following sections, I will provide an overview of 
relevant concepts in the solution-phase synthesis of metal nanocrystals and the rationale for this 
work will be presented. 
 
1.2 Solution-phase Synthesis of Metal Nanocrystals 
Solution-phase synthesis has been employed to produce morphology-controlled 
nanocrystals.
18–22
 The typical solution-phase synthesis of metal nanoparticles involves the use of 
a metal precursor, solvents, reducing agents, and various surfactant ligands.
35,36
 Metal precursors 
serve as the metal source, providing the building blocks of metal nanocrystals. Metal 
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acetylacetonate salts, metal carbonyls, and metal halides are some of the most commonly used 
precursors. Organic solvents are often used to dissolve metal precursors and other reactants. 
Long-chain surfactants such as oleylamine, oleic acid, and polyvinylpyrrolidone (PVP) are often 
employed in the synthesis, either as additives in small amounts or as solvents in large volumes. 
Recently, carbon monoxide (CO) has been demonstrated to be an effective agent to control the 
morphology of metal nanocrystals.
5,37–39
 The synthesis is typically begun by dissolving metal 
precursors into the mixture of solvents and surfactant ligands at a controlled temperature. 
Synthesis can then be conducted using various techniques, including the heat-up method,
19
 
solvothermal synthesis,
40
 hot-injection,
18
 or microwave-assisted synthesis.
41,42
 At the reaction 
condition, metal precursor can be thermally decomposed or reduced by reducing agents to form 
nanocrystals. The morphology of metal nanocrystals can be controlled by manipulating the 
reaction conditions and ligand environment.
20,23–26
 
The typical solution-phase synthesis of metal nanocrystals via homogeneous nucleation 
can be divided into three stages (Figure 1.1). First, there is pre-nucleation, during which stage 
starting materials are mixed, preheated, and allowed to interact and form intermediates or 
metastable clusters. Second, there is nucleation, when the intermediates are decomposed or 
reduced to form initial nuclei. The third stage is the growth stage, when additional intermediates 
break down to free zero-valence clusters in solution, or are adsorbed on a surface and then 
decomposed to metal forms. 
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Figure 1.1 The general route for the solution-phase synthesis of metal nanocrystals. 
 
Within the above process, the pre-nucleation stage is the most important. This is because 
the prenucleation reactions between the initial chemicals determine the latter “real” precursors or 
intermediates through metal–ligand interactions. The reaction rate of these metal–ligand 
intermediates may be drastically altered by the exchange of ligands in the nominal precursors. In 
general, a stronger binding ligand will increase the stability of the metal complex in redox 
reactions.
43,44
 In addition, these metal intermediates may be adsorbed on metal surfaces and form 
adatoms by autocatalytic decomposition. The adsorption and decomposition rates of metal 
precursors on different facets are anisotropic, determined by both the metal intermediate and the 
crystallographic surface. In short, the reaction kinetics and adsorption of intermediates can play 
important roles in the shape-controlled growth of metal nanocrystals. 
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1.3 Shape-controlled Synthesis of Metal Nanoparticles: Thermodynamics vs. 
Kinetics 
1.3.1 Atomic view of the surface growth of metals 
When being examined at the atomic scale, the physics of nanocrystal growth is essentially 
the same as the growth on a two-dimensional (2-D) surface. Meanwhile, a nanocrystal is three 
dimensional, and therefore the effects of corners, edges, and the crystallographic difference of 
the surfaces should be taken into consideration. 
To understand the growth of metal nanocrystals, we will first put their fine anisotropic 
crystallographic details aside to get an atomic view of the surface growth. Scheme 1 shows the 
atomic view of surface growth on a 2-D surface.
45
 Atoms and clusters are generated in free space 
and deposit onto the surface to form adatoms, at a deposition flux rate of F. In the meantime, the 
adsorbed adatoms are able to diffuse on the surface at a rate of D and relocate to energetically 
favored sites. When the diffusion rate is high and deposition flux is small, the growth is 
thermodynamically controlled. That is, the deposited atoms will migrate fast enough to explore 
the possible sites and end up on the position to minimize the surface energy. When the diffusion 
rate is low and the deposition flux is high, the growth will be kinetically controlled, where the 
growth rate will be proportional to the deposition rate. The 2-D epitaxial growth can be modeled 
based on the parameter D/F.
46
 The phenomenon of atom/cluster diffusion on metal surfaces has 
been extensively studied.
47
 The vast knowledge obtained in the study of epitaxial growth and 
related surface phenomena is invaluable to the understanding of nanocrystal growth.
47
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Figure 1.2 Atomic view of surface growth. D is the diffusion rate, F is the deposition flux. At 
low D/F ratio, the growth is kinetically controlled. At high D/F ratio, the growth is 
thermodynamically controlled.
45
 
 
In the study of epitaxial growth of metals, the surface diffusion of metal adatoms for 
many metals has been studied.
47
 Pt diffusion on the Pt(100) surface is through the adatom–
substrate exchange mechanism.
48,49
 scanning tunneling microscopy (STM) studies show that a 
clean Pt(100) surface in a vacuum reconstructs to the Pt(100)-hex structure with the top layer 
relaxed to hexagonal packing, and the diffusion of Pt on Pt(100) is highly anisotropic.
50
 The 
diffusion of Pt on Pt(111) is through a hopping mechanism.
46
 The hopping frequency is in the 
order of 1 THz based on density functional theory (DFT) calculations.
46
 The activation energy of 
Pt on Pt(111) diffusion is about 0.25 eV.
51
 
In addition to the clean surface systems, surface adsorbates can also affect epitaxial 
growth. The epitaxial growth of Pt on the Pt(111) surface is reported to be sensitive to CO 
coverage, where CO preferentially adsorbed on the (100)-microfaceted steps oriented along the 
<110> directions.
52
 It is proposed that CO will increase the diffusion of adatoms and the 
dissociation of clusters covered by CO. At the experimental temperature of this experiment, the 
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mobility of CO is very high.
52
 
 
1.3.2 Thermodynamically controlled growth of metal nanocrystals 
The growth of metal nanocrystals is thermodynamically controlled when the surface 
diffusion rate is high and deposition flux is low. At such a condition, adatoms will migrate fast 
enough to explore the possible sites and end up on the position to minimize the surface energy.
45
 
During the initial growth stages, when the nanocrystals are small in size, the low diffusion rate 
will still enable the nanocrystal to reach a thermodynamically favored shape on the time scale of 
the experiments. With the increase of nanocrystal size, the surface adatoms will eventually fail to 
explore all possible sites and the final shape of the nanocrystal might fall into a local energy 
minimum. 
The thermodynamically favored shape of metal nanocrystals follows Wulff construction, 
which is determined by the anisotropy of the surface energy of the specific metal.
53
 This rule has 
been applied to predict the equilibrium shapes of metal nanoparticles.
54,55
 For the fcc metal–
vacuum surface, the surface energy may follow the general sequence: γ(111) < γ(100) < 
γ(110).53,56 The resulting Wulff polyhedral are usually bounded by (111) and (100) facets.25 
The additional use of surfactants in the synthesis of nanocrystals can also change the 
anisotropy of the surface energy.
25
 This is because the surfactants can bind on metal surfaces 
dynamically and alter the surface energy. As a result, the shape of nanoparticles should be 
different from the shape predicted by Wulff’s theorem. This capping effect of ligands is 
sometimes also interpreted as a kinetically controlled process, as it affects the growth kinetics.
57
 
The role of ligands in the synthesis of nanocrystals is primarily considered as capping 
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surfactants. The ligands can bind on the surface of metal nanocrystals dynamically. Such binding 
effect will alter the growth rate of nanocrystals along different directions. The binding effects of 
common ligands have been studied, including TOPO,
58
 oleic acid,
58
 oleylamine,
31
 halides,
33
 and 
peptide sequences.
59
 However, the adsorption energies of these common ligands on various 
surfaces were rarely systematically examined, and are often reported with inconsistency.
60–62
 In 
general, the adsorption of surfactant ligands on the metal surface will have a binding strength of 
0.3–1 eV. The binding strength would vary by a few tenths of eV on different crystallographic 
surfaces. This variation is trivial compared with the binding energy of metal atoms to a metal 
surface, which is on the order of several eV. In fact, the adsorption of surfactant ligands is rarely 
compared with the competitive adsorption strength of metal intermediates or clusters. To gain a 
complete thermodynamic landscape of the growing surface of nanocrystals, it is necessary to 
study the competitive adsorption between surfactant ligands and the potential intermediates. 
 
1.3.3 Kinetically controlled growth of metal nanocrystals 
The growth of metal nanocrystals is usually a kinetically controlled process.
25,45,57
 This 
type of growth is conducted at a slow reduction/decomposition rate of precursors.
25
 In practice, 
both long chain surfactants and small molecules can be used to slow down the reduction rate. 
Metal nanocrystals with various shapes, including 8olyhedral, rods, wires, plates, and dendrites 
can be synthesized via kinetically controlled growth.
25
 
The kinetically controlled growth of nanocrystals still follows the criteria of D/F 
suggested by Barth et al.
45
 As mentioned above, when nanocrystals are grown at a low surface 
diffusion rate D and high deposition flux F, the growth is kinetically controlled, where the 
surface with higher deposition rate will grow faster and becomes small, and the nanocrystal will 
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be bounded by facets with slower growth rate. It is necessary to differentiate the deposition rate 
F from the overall reduction rate of the system. The reduction rate is where the zero valence 
species are generated during reaction, through the reduction or decomposition of metal 
precursors. The deposition rate is usually an anisotropic term, as it involves the kinetics of 
adsorption and sublimation/dissolution on various sites/surfaces. For example, even at the same 
reduction rate of precursor, the deposition rate of metal on twinned defects may be greater than 
that on nondefect places. The diffusion rate is still small at the temperature range in which metal 
nanocrystals are usually synthesized. The shape of nanocrystals would be determined by the 
local deposition rate F. 
The kinetic theory can be used to explain the anisotropic growth of nanocrystals.
25,45,57
 
The use of surfactants can greatly alter the growth kinetics of nanocrystals by preferential 
capping on certain facets and blocking the deposition on these facets.
57
 This capping effect 
would introduce anisotropy to the growth rate along different directions. However, it is necessary 
to examine this effect quantitatively to be able to control the shape rationally. At the current 
status of research on nanocrystals, kinetic control is primarily used as an a posteriori theory that 
cannot be used to predict the shapes of nanocrystals. It is hard to predict the growth kinetics of a 
specific system without “knowing” the morphology of the product. To achieve the real rational 
design of nanocrystals, details on the anisotropy of growth kinetics normal to different 
crystallographic surfaces should be derived from first principles. This requires a knowledge of 
active metal species that will eventually deposit onto the surface of nanocrystals, and the 
corresponding reaction kinetics. 
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1.4 Nucleation and Growth of Metal Nanocrystals 
Solid nanocrystals form from solutions through nucleation and growth process. Several 
models have been established to describe the mechanisms of nucleation and growth, including 
the LaMer mechanism, classical growth model, Finke–Watzky (F–W) two-step mechanism, 
Ostwald ripening, and oriented attachments. These models are helpful. 
 
1.4.1 LaMer mechanism 
The LaMer mechanism is a description of the relation between monomer concentration 
with nucleation and growth.
27
 It describes that after the rapid increase of monomer concentration, 
a burst of nucleation from the monomer will happen. After the burst of nucleation, the monomer 
concentration will decrease and the nanoparticles will continue to grow at a low monomer 
concentration. The later growth will be slow and can be controlled by diffusion or surface 
deposition rate. 
The LaMer model presumes that the supersaturation of monomers was reached quickly. 
In this model, the generation of monomer is not considered as a rate-limiting step. For metal 
nanoparticles, the monomer can be monatomic, or a cluster, or complexes, but this does not 
affect the main idea described in this mechanism. The classical nucleation growth theory 
describes the diffusion limited and surface reaction limited growth from solution. 
 
1.4.2 Classical growth model 
The classical growth model includes two steps: diffusion of monomers to the surface of 
nanoparticles and the reaction of monomers on the surface to form adatoms. The mathematical 
 11 
 
description of the model introduces the bulk concentration of monomers Cb, the concentration of 
monomers at solid/liquid interface Ci, and the solubility of monomers in the solvent Cr.
28
 
If the growth is diffusion limited, the growth rate can be expressed by the following 
equation: 
b r
d
( )
d
r D
C C
t r

  . (1.1) 
If the growth is reaction limited, the rate follows: 
b r
d
( )
d
r
k C C
t
  , (1.2) 
where r is the radius of the nanoparticle, t is the time, D is the diffusion coefficient, and v 
is the molar volume. 
 
1.4.3 F–W two-step mechanism 
The F–W mechanism63 involves two competing reaction pathways. In one pathway, a 
first-order reaction is the rate-limiting step. In another pathway, a first-order surface reaction is 
the rate-limiting step. When two pathways coexist, the F–W model can very well fit the data and 
explain the kinetics. When more competing pathways coexist, such as agglomeration and 
coalescence growth, more steps can be added to describe the kinetic behavior of the system.
64,65
 
The mathematical description of the F–W mechanism is as follows: 
1
A B
k
 ,  (1.3) 
2
A + B  2B
k
  , (1.4) 
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where A is the Pt precursor, B is the active site on the Pt nanocrystals measured by the 
concentration of Pt nanocrystal, k1 and k2 are the rate constants of these steps. 
1 2
[A] [B]
[A] [A][B]
d d
k k
dt dt
   
, (1.5) 
1
0
2
1
1 2 0
2 0
[A]
[A]
1 exp[( [A] ) ]
[A]
k
k
k
k k t
k


 
, (1.6) 
where [A] and [B] are the concentrations of A and B, respectively, [A]0 is the initial 
concentration of A. 
 
1.4.4 Other growth mechanisms 
Some other growth mechanisms such as Ostwald ripening and oriented attachment can 
also affect the formation of nanocrystals. Ostwald ripening describes the mechanism of 
dissolution and redeposition of surface atoms. The ripening of metal nanoparticles is usually 
assisted by the surface ligands or etching agents, such as halides and oxygen. The mathematical 
description of the ripening process is known as Lifshitz–Slyozov–Wagner (LSW) theory.29,30,66 
The assumption behind LSW theory is that the concentration of monomers in solution is always 
maintained at saturation concentration. In the synthesis practice of nanocrystals, ripening usually 
has a major impact at the later stage of growth, when the precursor has been greatly depleted. 
Oriented attachment describes a growth phenomenon in which nanoparticles coalesce and 
merge into larger nanoparticles. It is also known as aggregated growth, or coalescence, or 
agglomeration growth. Such phenomena have been directly observed in in situ experiments.
67–69
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The kinetic models of agglomeration growth have also been developed based on experimental 
data.
64
 
 
1.5 Metal–ligand Interactions in the Synthesis of Metal Nanocrystals 
Recently, the chemical role of some common ligands has caught the attention of the 
literature. The multiple roles of surfactants such as halides,
33
 oleylamine,
31
 and others have been 
reviewed.
32,70
 One agreement in the literature is that these chemicals act as coordination ligands 
to metal ions and alter the growth kinetics of nanocrystals.
25,31–34
 
Intermediate species may form from the metal ion and ligands interacting during the 
prenucleation stage. These ligands include carboxylic acid, amine, trioctylphosphine oxide 
(TOPO), halides, and carbonyl-containing ligands. For instance, a metal carboxylate intermediate 
can form by reacting carboxylic acid directly with metal, metal oxides, metal carbonyl, or metal 
complex with weak ligands, during the synthesis of nanocrystals. The carboxylate group 
coordinates with metal ions mainly through the O atoms. Three forms of bonding can form, 
including monodentate, didentate chelating, and didentate bridging,
71
 as shown in Figure 1.3. 
Another example is the formation of metal carbonyl intermediates from the reaction between 
metal precursor and CO or carbonyl-containing ligands. Many common chemicals in the 
synthesis of nanocrystals can serve as a carbonyl source, including CO, dimethylformamide 
(DMF), formaldehyde, methanol, formic acid, and other metal carbonyls (Figure 1.4). A metal 
complex with weak ligands can react with CO in protic acid to form solvated metal carbonyl 
cations [M(CO)mLn]
a+
.
72
 Metal halo carbonyls with the general formula of [MXn(CO)m]x, X = Cl, 
Br, I; M = Pd, Pt, Au, can be synthesized by reacting the corresponding metal halide complex 
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with CO.
73
 The decomposition of DMF can release CO and amine.
74
 DMF can react with Rh, Ir, 
Ru, and Pt halides, and forms their corresponding carbonyl complexes.
75–78
 Pd metal can be 
formed by heating and refluxing a DMF solution of a Pd salt,
76
 which may be due to the 
formation of CO, which reduces Pd(II) salts. 
 
 
Figure 1.3 Formation of metal–carboxylate complexes. 
 
 
Figure 1.4 Formation of metal carbonyl intermediates during the synthesis of metal 
nanoparticles. 
 
These intermediates have been observed in the kinetically controlled synthesis of 
nanocrystals, including metal–oleate,34 metal–amide,79 metal–TOPO complex,80 and metal 
halides.
33
 In the synthesis of semiconductor nanocrystals, similar precursor–ligand interactions 
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also show a control effect on the growth kinetics.
81,82
 For example, correlations between the use 
of carboxylic acid and the particle-size distribution have been noticed. Hyeon and co-workers 
intensively used metal–oleate as the precursor in the synthesis of monodispersed metal and metal 
oxide nanoparticles.
83
 In their study, a metal–oleate complex was prepared by reacting a metal 
precursor with oleic acid, and then thermally decomposed to generate monodispersed 
nanoparticles.
34,84
 Alivisatos and co-workers used oleic acid and TOPO to modulate the relative 
growth rates of different surfaces in the synthesis of cobalt nanoparticles from Co2(CO)8 
precursor.
58
 Bullen and Mulvaney reported that increasing the concentration of oleic acid can 
lead to less nuclei, smaller initial nuclei size, and larger final particle size.
85
 Bronstein et al. 
found that the structure of Fe–oleate could change the thermal stability of the Fe–oleate complex 
and lead to different particle sizes and size distribution.
86
 
The intermediates may affect the growth of metal nanocrystals via different mechanisms. 
The adsorption of intermediate species on a metal surface may be highly anisotropic and 
contributes to the anisotropic growth of metal nanocrystals. The formation of different 
intermediate species will lead to different reaction pathways and alter the growth kinetics of 
metal nanocrystals. 
However, in many other synthesis systems, the detailed metal–ligand interactions and 
their effects in the shape-controlled growth of nanocrystals have not been systematically studied. 
The structures of proposed metal–ligand intermediates are still largely unknown and unidentified. 
Further, the connections of these intermediates with the growth kinetics and the anisotropic 
shapes of nanocrystals are not clear at the molecular level. This gap between metal–ligand 
interactions and nanocrystal growth still exists and needs to be filled, in order to achieve the 
rational design of nanocrystals. 
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1.6 Overview of the Thesis 
To develop nanoparticle-based catalysts with well-defined morphology and composition, 
it is essential to fully understand the formation mechanisms of metal nanoparticles. The metal 
ion–ligand interactions and intermediate species play important roles in the controlled synthesis 
of nanoparticles. The formation of an intermediate may determine the reaction mechanism, 
nucleation/growth mechanism, growth kinetics, and facet development. 
This thesis focuses on understanding the metal ion–ligand interactions during the 
solution-phase synthesis of metal nanocrystals, and the effect of metal ion–ligand interaction on 
the morphology and formation kinetics of metal nanocrystals. To tackle these challenges, the 
formation of metal nanocrystals with controlled metal–ligand interactions and identified 
intermediates was investigated. In Chapter 2, the formation mechanisms of Pd nanosheets in a 
Pd(acac)2, acetic acid, and CO system were studied. The palladium intermediate Pd4(CO)4(OAc)4 
was crystallized and structurally identified using X-ray single-crystal diffraction analysis. Using 
a DFT + vdW calculation, the adsorption of Pd4(CO)4(Oac)4 on a metal surface was found to be 
anisotropic and therefore contributed to the anisotropic growth of Pd nanosheets. In Chapter 3, 
the formation kinetics of Pt nanocrystals in a Pt(acac)2, oleylamine, oleic acid, and CO system 
was studied. We found that the interactions between Pt(acac)2, amine, and carboxylic acid lead to 
Pt–ligand intermediates, confirmed by X-ray single-crystal diffraction analysis, UV–vis 
spectroscopy, and mass spectrometry. These intermediates further led to various reaction 
pathways and altered the growth kinetics of Pt nanocrystals. In Chapter 4, we found similar 
interactions between Pd(acac)2, amine, and carboxylic acid, and identified various palladium 
intermediates. The formation kinetics and morphology of Pd nanocrystals were found to be tuned 
by the metal–ligand interactions. This dissertation provides molecular-level understanding of the 
 17 
 
formation mechanisms of metal nanocrystals and lead to more precise design and better 
morphology control of nanomaterials. 
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Chapter 2 Molecular Design of Precursor and Synthesis of 
Multilayered Pd Nanosheets
1,2
 
 
2.1 Introduction 
The multilayered architectures of freestanding two-dimensional (2D) materials are 
actively studied recently, for their electronic
3–9
, quantum mechanical,
10
 optical,
11–14
 and catalytic 
properties
15–17
 due to interlayer interactions. Both layer-by-layer
 
and self-assembly
 
have been 
used to build higher-order structures from freestanding 2D materials.
3, 18–24
 However, the bottom-
up approach, or the direct growth of freestanding layered 2D structures, is still rare.
9, 25–27
 
Specifically, the growth of multilayered ultrathin metal nanosheets with large aspect ratios has 
not widely been demonstrated. Compared to self-assembled nanostructures, direct-grown, 
multilayered metal sheets may show a stronger coupling effect between the adjacent layers and 
yield unconventional electronic and quantum mechanical properties. Such structures may also 
serve as scaffolds for 2D heterogeneous nanostructures or quantum wells, by incorporating other 
materials into the inter-layer spaces. 
To achieve a controllable, direct growth of multiple-layered structures of 2D metal sheets, 
a better understanding of their anisotropic growth mechanism is essential. The mechanisms 
controlling the anisotropic growth of face-centered cubic (fcc) metal nanosheets, however, are 
still under investigated.
28, 29
 The current understandings on the anisotropic growth of 2D metal 
nanostructures include: a) surface energy-guided growth on intrinsic metal surface
30, 31
 or 
1Modified, with permission, from Yin, X.; Warren, S. A.; Pan, Y.-T.; Tsao, K.-C.; Gray, D. L.; Bertke, J.; Yang, H. Angew. 
Chem., Int. Ed. 2014, 53, 14087–14091. 
2Modified, with permission, from Yin, X.; Liu, X.; Pan, Y.-T.; Walsh, K. A.; Yang, H. Nano Lett. 2014, 14, 7188–7194. 
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surfactant-modified metal surface;
32–36
 b) kinetic-controlled growth;
37
 c) template/substrate-
directed growth;
27, 38–41
 d) twin plane-promoted anisotropic growth;
42–44
  and e) oriented 
attachment of 2D building blocks.
45
 In some cases, the anisotropic growth is considered as the 
combined result of these factors.
33, 35
 On the surface-energy-directed growth, CO has been 
demonstrated as a powerful ligand in the shape-controlled growth of metal nanoparticles, due to 
its large binding selectivity on low-index metal surfaces.
46–49
  Strong binding of CO on Pd(111) 
was  shown to facilitate the formation of Pd nanosheets.
48, 49
 However, the selective binding of 
ligands, such as CO, only acts as an energy barrier in the thermodynamic landscape, inhibiting 
the crystal growth on certain surfaces. The energetic driving forces for the nucleation and growth 
of metal nanoparticles are rarely discussed at the molecular level,
50
 simply because of the 
complexity of the existing synthetic systems. Understanding the reaction mechanism and 
thermodynamic factors contributing to the anisotropic growth becomes necessary for the 
development of 2D metal nanomaterials.  
 In this chapter, we present the ensemble structure of multilayered ultrathin Pd nanosheets 
that have shared growth centers. This structure can be viewed as an analogy of the “Tower of 
Hanoi” structure, in which the stacked disks (or layers) are connected via a shared central pole, 
as shown in Figure 2.1. The thickness of the layers within each Hanoi-Tower-like structure can 
range from single to multiple unit cells in height, with ultrathin layers having the thickness less 
than 1 nm, close to the unit cell thickness of Pd. These Pd multilayered nanosheets are 
synthesized with by reacting palladium acetylacetonate [Pd(acac)2] with acetic acid (HOAc) and 
carbon monoxide (CO). We identified the Pd4(CO)4(OAc)4 intermediate formed during the 
reaction, which enables us to explore the growth mechanism of this unique structure. A 
molecular level model, which takes into consideration competitive binding of the 
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Pd4(CO)4(OAc)4 complex on Pd(110)/(100)/(111) surfaces, is developed to explain the 
anisotropic growth of such well-defined, extremely thin 2D Pd nanosheets. 
 
 
Figure 2.1 Formation mechanism for multilayered Pd nanosheets. The intermediate 
Pd4(CO)4(OAc)4 molecule is illustrated in a ball and stick model. The layers of the Pd nanosheets 
are colored differently. Photograph of a Hanoi Tower is used to illustrate the structural similarity 
of these two multilayered structures, namely, a shared stacking center. 
  
 27 
 
2.2 Results and Discussion 
2.2.1 Formation of Pd(CO)4(OAc)4 cluster 
Pd4(CO)4(OAc)4 cluster formed through the reaction between Pd(acac)2 with acetic acid (HOAc) 
and CO. Pd4(CO)4(OAc)4 cluster co-crystallized with Pd(acac)2 and formed  
[Pd4(CO)4(OAc)4Pd(acac)2] 1. We grew 1 from saturated Pd(acac)2 solution in acetic acid 
(HOAc) with carbon monoxide (CO) atmosphere at room temperature. Figure 2.2 shows the 
synthetic route for 1 and the experimental details are described in the experimental section 2.4. 
 
 
Figure 2.2 Synthetic route for making compound 1 [Pd4(CO)4(OAc)4Pd(acac)2]. 
 
Figure 2.3 shows the optical micrograph and scanning electron microscope (SEM) images of 
morphology of crystal 1. Crystal 1 has an orange color and needle-like morphology with 
approximate dimensions of 4 mm × 0.1 mm × 0.1 mm, as shown in Figure 2.3(a). SEM 
micrographs show the needle-like crystals had a smooth surface with a sharp tip approximately 
~1 μm-sized in width, as shown in Figure 2.3(b) and (c).  
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Figure 2.3 Micrographs of  1 [Pd4(CO)4(OAc)4Pd(acac)2]. (a) Optical micrograph of pristine 
orange-colored crystals, and SEM micrographs of (b) a bundle and (c) a tip of 1. 
 
Figure 2.4 shows the crystal structures of infinite Pd atom chain complexes obtained from single 
crystal X-ray diffraction (XRD) data. Figure 2.4(a) and (b) shows the perspective and top views 
of the unit cell for compound 1, respectively. The unit cell is triclinic with parameters of 
a=9.2625(4) Å, b=9.7478(4) Å, c=10.6604(4) Å, α=94.430(2)°, β=112.986(1)°, γ=114.727(1)°. 
Figure 2.4(c) shows the building blocks of 1. It contains a Pd four-membered ring moiety and a 
Pd(acac)2 moiety. These two moieties interconnect alternatively and form an infinite on-
dimensional (1D) chain structure, as shown in Figure 2.4(d). Table 2.1 summarizes the metal-
metal distances in these 1D metal atom chain structures. The Pd 4-membered ring is close to a 
square shape, with a carbonyl bridged Pd2-Pd3 bond of 2.6747(2) Å in the transverse direction 
and acetate bridged Pd2-Pd3#2 distance of 2.8772(2) Å in the longitudinal direction, consistent 
with the previous reports.
51, 52
 The Pd1-Pd2 distance between the 4-membered ring and Pd(acac)2 
is 3.0866(2) Å in 1. This Pd-Pd distance is longer than the typical Pd-Pd covalent bond (~2.78 
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Å),
53
 but much shorter than twice the van der Waals radius,
54
 shorter than the Pd-Pd distance for 
metallophilic interactions (3.2 to 3.6 Å),
55–57
 and similar to that reported for the strong Pd-Pd 
metallophilic interaction.
58
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Figure 2.4 1D Pd chain-structured complex 1. (a) Unit cell (hydrogen atoms are omitted for 
clarity), (b) view along a-axis, and (c) thermal ellipsoid plot of complex 1 at 50% probability 
level (H atoms are omitted). (d) Infinite 1D Pd chain of 1. 
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Table 2.1. Selected metal-metal distances in compound 1. 
Compound Bond Length (Å) 
1 Pd1-Pd2 
Pd2-Pd3, 
Pd2#2-Pd3#2 
Pd2-Pd3#2, 
Pd2#2-Pd3 
3.0866(2) 
2.6747(2) 
2.8772(2) 
 
 
Symmetry transformations used to generate equivalent atoms:  #2 –x+1,-y,-z 
 
2.2.2 Synthesis and characterization of multilayered Pd nanosheets 
Palladium (II) acetylacetonate (Pd(acac)2), acetic acid (HOAc), and CO were used to 
synthesize the multilayered Pd nanosheets. The synthesis procedure is as the following: 
Pd(acac)2 was dissolved in glacial acetic acid, followed by bubbling CO gas into the solution at 
room temperature for 30 min. The solution changes color from dark yellow to light yellow 
during this process indicating the formation of Pd4(CO)4(OAc)4 complex. The reaction was kept 
at room temperature for additional 24 h until the color of the solution gradually turned black, 
indicating the formation of Pd metal. This synthetic process only uses three chemicals, namely 
Pd(acac)2, acetic acid, and CO, thus the effects of other surfactants and ions can be eliminated.
48
 
Figure 2.5 shows TEM micrographs of a typical multilayered ultrathin Pd nanosheet and 
the corresponding selected area electron diffraction (SAED) pattern. Figure 2.5(a) and (c) shows 
the nanosheets are hexagonal with the diagonal distance of ~2 μm. These hexagonal nanosheets 
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are rotationally mismatched in their in-plane orientation. Figure 2.5(b) and (d) shows the 
corresponding SAED patterns of these nanosheets. The diffraction pattern indicates that the 
sheets lie within the (111) plane, with the corners pointing to the <110> directions. The 
diffraction spots in Figure 2.5(b) and (d) extend into concentric arcs with rotational mismatch of 
2° and 8°, respectively, which suggests that these Pd nanosheets are composed of layers with 
different orientations in the (111) plane.
59
 This misalignment of the lattice between different 
layers was also confirmed by the TEM dark field contrast, as shown in Figure 2.6. The observed 
kinematically forbidden 1/3 {422} diffraction spots can be explained either by the existence of 
(111) twinning within the layers or by atomically thin layers.
60
 A recent work on atomically thin 
Rh nanosheets points out that this spot pattern and the correlated spot intensity could also be 
evidence of single layer atom structures.
36
 In this case, the forbidden diffractions came from the 
atom-level thin layers, judging by the varied, concentric arcs with rotational mismatch of layers. 
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Figure 2.5 Multilayered Pd nanosheets with different rotational mismatches of (a-b) 2° and (c-d) 
8°, respectively: (a) and (c) TEM micrographs, and (b) and (d) SAED patterns. 
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Figure 2.6 False-colored TEM dark field micrograph of a multilayered Pd nanosheet. The 
difference in contrast indicates the lattice mismatches between different layers. 
 
Figure 2.7(a) shows annular dark field scanning transmission electron microscopy (ADF-
STEM) micrographs of a multilayered Pd nanosheet, with overlapped hexagonal layers clearly 
shown by different brightness. We also observed multilayered Pd nanosheets with other degrees 
of rotational mismatch, in some cases, larger than 20°, as shown in Figure 2.8, which clearly 
shows that the nanosheet structure is an ensemble of individual sheets centered at the same core. 
In STEM micrographs, a shared bright center could be observed in all multilayered Pd 
nanosheets, corresponding to the thickest part of the nanosheets. This center connects all the 
individual layers, even when some layers are folded, as shown in Figure 2.9. Thus this center 
could contain the initial nuclei for growth of individual layers. 
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Figure 2.7  ADF-STEM micrographs of a multilayered Pd nanosheets at (a) low magnification; 
at (b) high magnification showing the Moiré pattern; and (c) showing an enlarged image of the 
boxed region in (b), demonstrating a six-fold symmetric Moiré pattern. (d) Simulation of 
overlapping lattices of two Pd sheets rotated at a 2° angle along the <111> axis; (e) enlarged 
region of (d) focusing on Pd lattices with a small-angle rotational mismatch; and (f) simulated 
ADF-STEM micrograph corresponding to this degree of lattice rotation.  
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Figure 2.8 ADF-STEM micrograph of Pd nanosheets with a large rotation angle between layers. 
 
 
Figure 2.9 ADF-STEM micrograph of partially-folded Pd nanosheets, showing multiple layers 
with a shared center (indicated by the green arrow). 
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Figure 2.7(b) and (c) shows the Moiré superlattice pattern observed in Pd nanosheets 
under STEM. The periodicity of the Moiré pattern varies between different regions, and it 
correlates to the local lattice mismatch and tilting in orientation. We simulated the observed 
Moiré pattern with QSTEM software using the multislice method.
61
 Figure 2.7(d) shows the 
<111> view of a simplified model for the simulation of Moiré pattern. The model system is 
composed of two three-atomic-layered Pd (111) nanosheets with a 2° rotational mismatch angle 
in the (111) plane and a 1° tilt in both X and Y axes. Figure 2.7(e) and (f) shows the scanning 
window and the simulated Moiré pattern with a 4.7 nm period, respectively. Further simulation 
results indicate a strong correlation of the Moiré pattern with the rotational mismatch angle and 
tilting of the sample, which accounts for the different periodicities of Moiré patterns in Figure 
2.7(b). Moiré patterns in low-dimensional materials have previously been observed by TEM in 
stacked graphene,
62
 ultrathin CuS,
63
 Ag nanoplates,
64
 and PbS nanosheets.
65
 They are more often 
observed in scanning tunneling microscopy (STM), where the pattern correlates with the 
electronic structures of 2D materials, which can be tuned by the rotational mismatch.
66-69
 It’s also 
reported recently that the electronic structure of MoS2 bilayer is greatly affected by the twist 
angle.
9
 Thus the discovered Moiré pattern in multilayered Pd nanosheets gives the possibility to 
tune their electronic and catalytic properties by controlling the twisting angle between the 
component sheets. 
Thickness of the Pd nanosheets were characterized by atomic force microscopy (AFM). 
Figure 2.10(a) and (b) shows an AFM topography of a Pd nanosheet and its height profile across 
several layers. The multilayered Pd nanosheets are approximately 10 nm in overall thickness, as 
shown in Figure 2.11. Figure 2.10(b) shows that the thickness of some Pd layers is as thin as 0.5 
nm to 1.1 nm, with an extreme case of approximately 0.26 nm, which is the height corresponded 
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to the thickness of individual Pd layer. These measured thicknesses are close to the length of a 
Pd unit cell along the <111> direction, which is around 0.67 nm, and the 0.26 nm step is close to 
a single layer atomic height on the Pd(111) surface, as illustrated in Figure 2.10(e). It is 
worthwhile to point out that these layers are not from the terraces in the layer-by-layer growth 
mode which produces an epitaxial film with single-crystalline domains. In this process, the 
hydrocarbon contaminants were excluded out from the interlayer spaces due to the van der Waals 
interactions.
6
 Such thin Pd sheet layers represent the thinnest structure that contains a planar 
ABA-type twinning defect structure.
36
 The nature of the sub-nanometer thick layers was further 
confirmed by analyzing the brightness profiles of ADF-STEM images, as shown in Figure 2.10(c) 
and (d). The edges of the layers are indicated by arrows (the method for estimating thickness is 
described in Section 2.4).  These sheets are made of individual layers connected at a shared 
center, as illustrated in Figure 2.1.  Although these sheets resemble the overall structure that 
might be generated from screw dislocation-driven growth,
25
 we didn’t observe any evidence of 
screw dislocation.  The TEM micrographs, the arced diffraction spots observed in SAED, the 
Moiré pattern observed in STEM images, morphology observed in STEM images, and the 
thickness measurement in AFM and STEM provide strong evidence that the multilayered stacks 
are made of individual ultrathin Pd (111) sheets, down to the unit-cell thickness, which grow 
from a center. 
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Figure 2.10 (a) AFM three-dimensional topography of a multilayered Pd nanosheet, and (b) the 
height profile of a selected region (30 points line width, as indicated by the red box in the inset). 
(c) STEM micrograph of a multilayered Pd nanosheet, and (d) two line brightness profiles with 
sub-nanometer-thin layers pointed out by arrows. (e) Schematic of mono- and multi-layered 
steps on a Pd(111) surface.  
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Figure 2.11. (a) AFM topography and (b) corresponding height profile of a multi-layered Pd 
nanosheet, showing an overall thickness of approximately 10 nm. 
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Stacked 2D materials can often show interesting mechanical properties, due to the 
twinning,
70
 ultrathin,
71, 72
 or layered structures.
59, 73
 Figure 2.12(a) shows AFM force curves of 
stacks of Pd 2D nanosheets on a Pd foil substrate. The bare surface of Pd foil substrate was used 
for calibrating the optical lever sensitivity of the cantilever and should appear as a vertical line 
(black spot and lines in Figure 2.12(a)). As the layer thickness or number increases, the curves 
show increased compliance of the system, that is, more deformation in response to the applied 
force, as evident by the decreased absolute value of the slope of the approaching curves.  The 
retraction curves are dominated by the response of the substrate, which accounts for the 
similarity shown for the different layer thicknesses. The trend indicates that Pd nanosheet on Pd 
foil is a more compliant system than Pd foil alone.  This compliance increases with nanosheet 
thickness corresponding to an increased number of layers. We also measured AFM force curves 
on Pd nanosheets on Si <111> surface, showing the same increase of compliance with the 
thickness and number of layers of the nanosheets (Figure 2.13). A series of nanoindentation 
measurements were also performed on Pd nanosheets on silicon wafer (Figure 2.12(b)). A 
Berkovich tip was used to obtain the various partial unloading curves. Reduced modulus rather 
than Young’s modulus was reported for the Pd nanosheets because an appropriate value for the 
Poisson’s ratio for Pd in such ultrathin, nanosheet geometry is lacking. A reduced modulus of Ere 
= 154.1 ± 20 GPa was obtained for Pd nanosheets deposited on the silicon wafer, close to that 
reported for 1μm thick polycrystalline Pd film on Si<111> Ere = 154.51 ± 10.53GPa.
72
 Despite 
the shallowness of the indents, the tip did induce plastic deformation in the Pd nanosheets, as can 
be seen by the nonzero area under the curves for the Pd samples in Figure 2.12(b); similar 
behavior is clearly visible in AFM force curves shown in Figure 2.12(a). The appearance of 
horizontal bars in the load vs. displacement curves (Figure 2.12(b)) is due to creep of the sample 
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during the hold segment of each partial unloading cycle. Nanoindentation experiments show the 
same qualitative behavior as AFM force curves on this system. 
 
 
Figure 2.12 (a) AFM force curves measured on Pd nanosheets deposited on Pd foil at the 
corresponding spots marked in the inset. Solid lines are the approach curves and dotted lines are 
the retraction curves. The black curve is on the Pd foil substrate. (b) Nanoindentation partial 
unloading curves measured on Pd nanosheets deposited on a silicon wafer. Color code: Black- Si 
wafer; Red- Thin region of Pd layers and Green- Thick region of Pd layers. Inset image shows 
the topography of the nanosheet (scan size 2.5 µm × 2.5 µm).  
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Figure 2.13 AFM force curves measured on Pd nanosheets deposited on a silicon wafer. Solid 
lines are the approach curves and dotted lines are the retraction curves. The blue curve is on the 
Si<111> wafer substrate. The corresponding spots are marked in the inset amplitude topography 
(scan size 1 µm × 1 µm). 
 
2.2.3 DFT study of anisotropic 2D growth mechanism of Pd nanosheets 
Besides its roles as reductant and surface ligand, CO is known to react with the Pd 
organometallic precursors as a bridge ligand. In this reaction system Pd4(CO)4(OAc)4 is the 
intermediate formed during the reaction, as illustrated in Figure 2.14.  This intermediate can 
decomposes into Pd metal upon the exposure to β-diketone (acetylacetone, Hacac) via two 
possible pathways.
52
 One is Pd4(CO)4(OAc)4 adsorbs onto existing Pd surface after the initial 
nucleation stage and then decomposes to form Pd adatoms.  The other pathway is 
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Pd4(CO)4(OAc)4 reacts with Hacac in solution and turns into free Pdn(CO)x clusters, which then 
react and form nanostructures.
74 
 
 
Figure 2.14 Possible formation mechanisms of Pd(0) nanostructures. 
 
To understand the anisotropic growth mechanism, we performed the density functional 
theory (DFT) calculation and compared the adsorption energy terms of Pd precursors on the Pd 
low-index surfaces. To be specific, we calculated the adsorption energy of the Pd4(CO)4(OAc)4 
complex, which accounts for a partial driving force during the growth, and compared it with the 
adsorption energy of CO on Pd surfaces, which is used to determine the thermodynamic barrier. 
DFT calculations were performed using plane-wave basis code CASTEP
75
 with ultrasoft 
pseudopotentials.
76
 The generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE)
77
 functional was used to treat the electronic exchange and correlation. 
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Dispersion interaction correction
78
 to account for van der Waals interactions (denoted as 
PBE+vdW) and the self-consistent dipole correction
79
 were also applied (details of the DFT 
calculation are described in Section 2.4). 
Figure 2.15 shows the adsorption energy (Ead) of the Pd4(CO)4(OAc)4 complex on 
different Pd low-index planes and the corresponding configurations, calculated by DFT using the 
PBE+vdW method. The Ead of Pd4(CO)4(OAc)4 on Pd(110) was found to be -5.68 eV, much 
stronger than those on Pd(100) (-4.72 eV) and Pd(111) (-3.8 eV). This result suggests the 
adsorption of the Pd4(CO)4(OAc)4 complex is preferred on Pd(110) over Pd(100) or Pd(111) 
surface, with the sequence of Ead(110) < Ead(100) < Ead(111), where the adsorption is strongest 
on Pd(110). The adsorption energies of CO on Pd low-index surfaces with low coverage were 
also calculated and the results agree with the previously reported values, ranging from -1.4 eV to 
-2.2 eV (Table 2.2).
80–82
 The slightly larger Ead values are due to the use of the PBE functional 
and the dispersion interaction correction; but the PBE+vdW method is considered to be an 
improved approach in Ead for including the long range dispersion interactions. The calculated 
adsorption strength of CO is higher than that reported in the literature, which may be related to 
the low coverage model used in our calculation.
82
 The adsorption of carboxylic acid on Pd 
surfaces (ca. -0.4 eV on Pd(111))
83
 is much weaker than that of CO, thus is negligible. Figure 
2.15(e) compares the adsorption strength of the Pd4(CO)4(OAc)4 complex on Pd low-index 
surfaces with the strongest adsorption of CO on the Pd(111) hcp site (Ead = -2.37 eV). Since the 
Pd4(CO)4(OAc)4 complex occupies at least two atomic sites on Pd surfaces, we compare its 
adsorption strength (in the unit of eV/molecule) with twice that of CO, which only adsorbs on 
one atomic site. Based on this assumption, the adsorption of Pd4(CO)4(OAc)4 complex on 
Pd(111) should be inhibited by CO, as ΔEPdcomplex-Pd111 is less than 2ΔECO-Pd111. However, the 
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adsorption of Pd4(CO)4(OAc)4 complex is much favored over CO on Pd(110), as ΔEPdcomplex-Pd110 
is substantially larger than 2ΔECO-Pd110.  Similarly, the adsorption of Pd4(CO)4(OAc)4 complex on 
Pd(100) should be slightly favored over CO.  This theoretical result agrees very well with the 
observed anisotropic shape of Pd nanosheets as shown in the SAED (Figure 2.5). Thus, the 
preferred adsorption of the Pd4(CO)4(OAc)4 complex on to Pd(110) surface should be the 
determining factor for the CO-mediated anisotropic growth of Pd nanosheets. 
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Figure 2.15 DFT-calculated adsorption sites and adsorption energy, Ead, of the Pd4(CO)4(OAc)4 
complex on various Pd surfaces: a) Pd(110); b) Pd(100) hollow site; c) Pd(111) fcc-fcc site; and 
d) Pd(111) hcp-hcp site. (e) Adsorption strength ΔE(= -Ead) of the Pd4(CO)4(OAc)4 complex on 
Pd surfaces, with the adsorption energy of CO as the reference. 
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Table 2.2. DFT-calculated adsorption energy (eV) of CO on Pd surfaces at low coverage 
Adsorption site* This work Reference 
Surface site PBE+vdW PBE+vdW
82
 PBE
81
 PW91
80
 
Pd(111) atop (T) -1.61 -1.59 -1.39 - 
fcc hollow -2.35 -2.20 - - 
hcp hollow -2.37 -2.16 -1.96 - 
Pd(100) atop (T) -1.69 - -1.49 - 
bridge (B) -2.23 - -1.93 - 
hollow (H) -2.25 - -1.94 - 
Pd(110)** bridge (B) -2.27 - - -1.41 
hollow (H) not stable - - - 
 
* See Figure 2.16 for detail.  
**: There is no consensus on the preferential adsorption sites and the values for adsorption 
energy of CO on Pd (110) based on the DFT calculation. The extended London–Eyring–Polyani–
Sato (LEPS) method was also used to obtain the adsorption energy, which agrees better with the 
experimental result than those from the DFT simulations.
84
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Figure 2.16 Adsorption site of CO on Pd surfaces: a) Pd(100), b) Pd(110), and c) Pd(111). See 
Table 2.2 for adsorption energies obtained from DFT calculations. 
 
2.3 Conclusions 
In summary, Hanoi tower-like Pd nanosheet stacks, which contain rotational mismatched 
layers in plane and are interconnected via a shared center, were synthesized and characterized in 
detail. This multilayered Pd nanosheet shows more deformation in response to an applied force 
than Pd bulk in AFM force curve measurement and nanoindentation study. The reaction 
mechanism during the synthesis of Pd nanosheets were studied, by identifying the crystal 
structure of Pd4(CO)4(OAc)4 intermediate with single crystal X-ray diffraction analysis. The 
formation of Pd4(CO)4(OAc)4 complex is of important for the formation of Pd(111) nanosheets. 
DFT+vdW calculations suggest that the competitive adsorption of Pd4(CO)4(OAc)4 complex and 
CO on Pd surfaces are the key factors controlling the anisotropic growth mode of 2D Pd 
nanosheets. The Pd(111) surface-dominant hexagonal shape are the results of preferential growth 
in <110> directions in plane.  We envision with the layers thinner than one unit cell thickness, 
the multilayered Hanoi tower of Pd nanosheets may be treated as periodic quantum wells due to 
the confinement along the vertical direction, if the interlayer separations can be realized.
85, 86
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2.4 Experimental 
Synthesis of Multilayered Pd Nanosheets. Palladium (II) acetylacetonate (Pd(acac)2, 
99%, Strem Chemicals, Inc), acetic acid (glacial, 99.7%, J. T. Baker), carbon monoxide (CO, 
99.998%, S. J. Smith Co.) were used as received. All synthesis processes were conducted at 
room temperature. For the synthesis of multilayered Pd nanosheets, 15.2 mg of Pd(acac)2 was 
first dissolved into 10 mL of acetic acid in a 4-dram glass vial. CO gas was then purged into the 
above solution using a glass Pasteur pipette at the flow rate of 110 cm
3
/min for 30 min. The 
solution was then capped and stored for 24 h. The solution gradually turned into dark color, 
indicating the formation of Pd metal. The product was then deposited onto Si wafer substrate for 
AFM characterization, or onto TEM grid for electron microscopy characterization. 
 
Synthesis of [Pd4(CO)4(OOCCH3)4Pd(C5H7O2)2]. Pd(acac)2 was dissolved in 10 mL of 
acetic acid in a glass vial at 70 °C until it was saturated. The solution was then cooled down to 
20 °C. Pd(acac)2 precipitated out from the solution during this cooling process. The solution was 
centrifuged and the supernatant was transferred into a three neck glass flask, followed by 
introducing CO flow at 200 cm
3
/min for 1 hr. Then CO flow was switched to 60 cm
3
/min. After 
reacting for 4-5 h, orange-colored needle crystals formed in this solution. 
For [Pd4(CO)4(OOCCH3)4Pd(C5H7O2)2] Anal. Calc.: C 24.5%, H 2.43%. Found: C, 
24.13%. H 2.21%.  ICP. Calc.: Pd 49.34%. Found: Pd 49.47%. 1H-NMR (500 MHz, C6D6): δ 
4.91 ppm (d, J = 1.3 Hz, 1H), 1.93 (d, J = 1.3 Hz, 6H), 1.63 (d, J = 1.3 Hz, 6H). 
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Characterization of [Pd4(CO)4(OOCCH3)4Pd(C5H7O2)2] Crystal. Single-crystal X-ray 
diffraction (XRD) data of 1 was collected using Bruker Single Molecular Analysis Research Tool 
(SMART) equipped with a three-circle platform diffractometer and an APEXII CCD. Details for 
single crystal XRD experiments are described in the Crystallographic Information File(CIF) of 
CCDC 1016678, available free of charge from the Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. Pristine crystals on double-sized carbon tapes were 
examined with scanning electron microscopy (SEM) on a Hitachi S-4800 high resolution SEM 
equipped with an EDS detector (Oxford Instruments). Optical micrographs were obtained on a 
binocular microscope equipped with an MU-900 digital camera (AmScope). 
 
Electron Microscopy Characterization. Transmission electron microscopy (TEM) and 
annular dark field scanning transmission electron microscopy (ADF-STEM) were used for 
sample characterization. Fresh samples were deposited on TEM grid and characterized with a 
JEOL 2100F STEM and a HEOL 2010cryo TEM /SAED. The STEM brightness profile was 
analyzed with ImageJ,
87
 averaging a 0.1 µm line width to minimize measurement noise. 
Brightness in ADF-STEM image is proportional to the mass-thickness of the sample (or 
proportional to the thickness with same atomic number). AFM data shows the thickness of the Pd 
sheet at the center is approximately 10 nm. The gray level in STEM micrographs is converted to 
the estimated thickness using 1 nm/17.5 gray-level converting ratio, with the central thickness 
estimated to be 10 nm. 
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STEM Simulation. STEM image was simulated with QSTEM using the multislice 
method.
61
 A model of two Pd(111) nanosheets with 2 degree rotational angle along the 111 axis 
was built for simulation. Each sheet was composed of three layers of Pd atoms with the lattice 
constant of bulk Pd (3.8907Å). The model was set at X tilt = 1°, Y tilt = 1°. Scan window is 140 
Å×140 Å, 60 pixels × 60 pixels. Probe array is 400 pixels × 400 pixels, with 0.05 Å resolution, 
20 Å×20 Å window size, 167.2 mrad × 167.2 mrad scattering angle. One subslab with total 20 
slices was used; the thickness of each slice was 0.8694 Å. Instrumental parameters of JEOL 
2100F STEM were estimated and used in the simulation. 
 
Atomic Force Microscopy Characterization. An Asylum Research MFP-3D-SA AFM 
in intermittent-contact (tapping) mode was employed to characterize the morphology of Pd 
nanosheets. As-made Pd nanosheets were deposited on Pd foil or silicon wafers substrates and 
dried in air. The samples were then examined with AFM. Pd nanosheets deposited on silicon 
wafers were also cleaned by being kept under vacuum at 100 °C for 1-2 h prior to being 
examined by AFM to minimize the likelihood of a water layer present between the nanosheets 
and the substrate. AFM force curves were obtained on Pd sheets deposited on polished Pd foil 
(0.25 mm thickness, Alfa Aesar). The Pd foil substrate was used to calibrate the optical lever 
sensitivity of the AFM tip (BudgetSensors Tap300Al, tip with spring constant of 45.065 N/m is 
used for Pd nanosheets on Pd foil substrate, and 43.137 N/m for Pd nanosheets on Si substrate, 
obtained by thermal tune method). The stiffness of the cantilever was chosen such that observed 
compliance would be primarily due to the sample and not to the cantilever’s compliance 
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Nanoindentation Measurement. Nanoindentation of Pd nanosheets deposited on a 
silicon wafer substrate was carried out using a Hysitron TI 950 TriboIndenter with a Berkovich 
tip. The tip area function was calibrated using a fused quartz sample. Modulus values were 
obtained via a partial unloading method. 20 partial unloading cycles leading up to a peak load of 
50 μN were performed for each indent. In each cycle duration for the load was set for 0.5 s, hold 
for 1 s, and unload for 0.5 s. The sample was as-made Pd nanosheets deposited on an n-type Sb 
doped Si <111> wafer, glued to a steel disc. 
 
Density Functional Theory (DFT) Calculation. The adsorption energy of 
Pd4(CO)4(OAc)4 and CO on low-index Pd surfaces were calculated by performing density 
functional theory (DFT) calculations using the plane-wave basis code CASTEP
75
 with ultrasoft 
pseudopotentials.
76
 The generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE)
77
 functional is used to treat the electronic exchange and correlation, together 
with a dispersion interaction correction
78
 to account for van der Waals interactions (named as 
PBE+vdW). The plane-wave basis set cut-off energy was set to 340 eV. The lattice constant of 
Pd was first optimized and used for building Pd slabs. For Pd(111) surface, a periodic (5×5) unit 
cell surface slab of 4 layers was used, with the lower two layers fixed. For the Pd(110) surface, a 
periodic (3×5) slab of 6 layers was used, with the lower three layers fixed. For the Pd(100) 
surface, a periodic (5×4) unit cell surface slabs of 5 layer was used, with the lower two layers 
fixed. A 20 Å of vacuum region was used for all surfaces. The Monkhorst-Pack scheme k-point 
grid sampling was set to 2×2×1 for surfaces and Gamma point for single molecules. The self-
consistent dipole correction was enabled to minimize the dipole effect.
79
 Single molecule energy 
was calculated with a molecule in a 20 Å × 20 Å × 20 Å cubic box. The tolerances of energy, 
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force, and displacement convergence were 1×10
-5
 eV/atom, 3×10
-2
 eV/Å, and 5×10
-4
 Å 
respectively. The size and thickness of slabs, thickness of vacuum region, and other parameters 
used were tested to ensure the results converged within several tens of meV. The adsorption 
energy of CO on Pd surfaces was calculated with the same settings as above, at one CO 
molecule/surface slab coverage, and the results are in agreement with previous reports by 
DFT+vdW method (Table 2.2, ref 82). The adsorption energy is calculated with the following 
equation: 
ad (molecule/surface) (molecule) (surface)E E E E   , (2.1) 
where Ead is the adsorption energy, E(molecule) is the energy of free molecule, E(surface) is the 
energy of surface, and E(molecule/surface) is the energy of the adsorption system. 
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Chapter 3 Effects of Ligand-tuning on the Growth Mechanism of Pt 
Nanoparticles 
 
3.1 Introduction 
It has been a century-old challenge to understand the details of prenucleation events, 
which is essential for the rational design of nanocrystals for different applications. For the past 
two decades, new tools and novel methodologies have being developed to examine the 
nucleation and growth of nanocrystals.
1–5
 Recently, in situ transmission electron microscopy 
(TEM) observation of growth phenomena has enabled the quantification of anisotropic growth 
events under reaction conditions, providing valuable kinetic data.
2, 3
 Meanwhile, kinetic models 
have also been quantitatively refined to account for the nucleation and growth of nanocrystals 
during chemical reactions.
6, 7
 These up-to-date models have overcome some limitations of the 
classical LaMer models, which were originally developed to understand the precipitation 
phenomenon in supersaturated solutions. Now, kinetic control over nucleation and growth has 
also become a powerful tool in the design of nanocrystals.
8
 However, chemical details of metal–
ligand interactions are needed to understand the observed growth phenomena. 
The role of ligands as surfactants in controlling the shape of nanocrystals has been 
carefully examined and widely accepted.
1, 9–12
 In the case of metal nanocrystals, ligands such as 
oleic acid and amine can dynamically bind on the surface of nanoparticles.
1, 3
 Their binding 
strength varies on different crystallographic surfaces, leading to the anisotropic growth of 
nanocrystals. It is believed that ligands are hopping on the surface, and the deposition rate of 
adatoms is affected by the hopping frequency. Some other researchers suggest that the adsorption 
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changes the surface energy of the solid–liquid interface and affects the thermodynamic 
equilibrium shape.
1
 Such binding effects on the nanoparticle surface are usually examined 
computationally, and checked against shapes observed using TEM. New leads have been 
uncovered in other cases to rationalize the formation of nanocrystals, including the chemical role 
of ligands.
13–17
 Despite all of this progress, complexation of the precursor with ligands during the 
prenucleation stage and its impact on the growth kinetics are still not clear. 
In this chapter, we identify the key prenucleation complexation between the 
organometallic precursor, primary amine, and carboxylic acid ligands, in the system of 
platinum(II) acetyl acetonate (Pt(acac)2), oleylamine (OAm), and oleic acid (OA). We further 
demonstrate that the growth mode of Pt nanocrystals can be controlled by selectively shutting off 
certain reaction kinetic pathways through the formation of metal–ligand complexes. X-ray 
crystallography, UV–vis spectroscopy, and mass spectrometry were used to characterize the 
complex and to understand the complexation mechanism. The formation kinetics of Pt 
nanocrystals were fit quantitatively using either the one- or two-step model based on TEM 
analysis and inductively coupled plasma–optical emission spectroscopy (ICP–OES) data. 
 
3.2 Results and Discussion 
3.2.1 Coordination of amine and carboxylic acid with Pt(acac)2 
While Pt(acac)2, together with amine and carboxylic acid, has been widely used for 
making Pt nanoparticles, the reaction intermediates have rarely been examined. To understand 
the ligand–metal complexation at the prenucleation stage, we used single-crystal X-ray 
diffraction to determine the structures of the key Pt intermediates. We used butylamine (BAm) to 
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react with Pt(acac)2, with and without a carboxylic acid, propanoic acid (PPA). These short-chain 
ligands were selected to facilitate the crystallization of intermediates, while retaining their roles 
as coordinating ligands. 
We found that a ligand-replacement mechanism exists in the Pt(acac)2/amine/acid system 
(Figure 3.1(a)). Amine and acid play different roles in their interaction with Pt(acac)2. In the 
system with amine, amines coordinate with Pt
2+
 and substitute the acac
–
 ligands, leading to the 
formation of Pt(amine)4(acac)2. With the addition of carboxylic acid, carboxylic acid will be 
ionized and replace the acac
–
, leading to the formation of Pt(amine)4(acid)2. The acac
–
 will 
accept a proton and react with the amine to form an amino-ketone. We found that this interaction 
mechanism greatly alters the actual metal complex species involved in the redox reaction. This 
further affects the formation kinetics and mechanisms of Pt(0) nanoparticles, which will be 
discussed later. 
We used the short-chain amine, BAm, and carboxylic acid, PPA, as representative 
ligands to react with Pt(acac)2. Figure 3.1(b,c) show the structure of tetrabutylamineplatinate(II) 
propanoate (Pt(BAm)4(PPA)2) and tetrabutylamineplatinate(II) acetylacetonate (Pt(BAm)4(acac)2) 
as the product of metal–ligand complexation reactions, identified via X-ray single-crystal 
crystallography analysis. The amines remain neutral while the charge on the Pt(II) ions is 
balanced by the counter-ions of acac
–
 or carboxylate anions. The differences between these 
complexes are their counter-ions: with the addition of carboxylic acid, the acac
–
 anion is replaced 
by carboxylate anions. These complexes are in the form of dimers in the crystallized structures, 
showing a Pt–Pt distance consistent with Pt–Pt metallophilic interaction. Similar ligand-
replacement effects were identified in the Pd(acac)2/amine/carboxylic acid system, and a series 
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of similar complexation products was also identified by X-ray crystallography, including 
Pd(amine)4(acac)2, Pd(amine)4(OAc)2, etc. 
 
 
Figure 3.1 (a) Reactions between Pt(acac)2, amine, and carboxylic acid during the prenucleation 
stage of Pt nanoparticles formation. Thermal ellipsoid plot of (b) tetrabutylamineplatinate(II) 
propanoate (Pt(BAm)4(PPA)2), and (c) tetrabutylamineplatinate(II) acetylacetonate 
(Pt(BAm)4(acac)2) at 50% probability level. Platinum: silver; carbon: gray; oxygen: red; nitrogen: 
blue. Hydrogen atoms are omitted for clarity. 
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We confirmed the above complexation reactions by identifying part of the products 
between Pt(acac)2, OAm, and OA using UV–vis spectroscopy. Figure 3.2(a) shows the UV–vis 
absorption spectrum of the reaction mixture of Pt(acac)2, OAm, and OA after being preheated. 
We observed two significant peaks at wavelengths of 274 nm and 312 nm in the spectrum, and 
assigned these peaks to the π–π* transition in acac– ligand (diketone, λmax = 274 nm) and acac-
OAm amide (amino-ketone, λmax = 312 nm).
18, 19
 Introducing OA into the Pt(acac)2/OAm system 
accelerated the exchange of acid anion with acac
–
, and catalyzed the formation of acac-OAm 
amide, in agreement with the reaction mechanism. For reference, Figure 3.2(b) shows the UV–
vis spectra of acetylacetone (acacH)/OAm/OA mixtures. AcacH alone shows a peak at 274 nm. 
With the addition of OAm, acacH reacts with OAm and acac-OAm amide. The peak at 274 nm 
decreases and the peak at 312 nm increases with the decrease in concentration of acacH. With 
the addition of OA, this change was accelerated and a significant change of peak intensity was 
observed. 
The interactions between Pt(acac)2, OAm, and OA were further studied with matrix-
assisted laser desorption/ionization–time of flight (MALDI–TOF) mass spectrometry. Figure 
3.2(c) shows the MALDI–TOF spectrum of pure Pt(acac)2. The peaks associated with dimers 
and trimers of Pt(acac)2 were observed. The main peak at m/z = 687.106 was assigned to 
[Pt2(acac)3]
+
. Figure 3.2(d) shows the MALDI–TOF spectrum of a mixture of Pt(acac)2 and 
OAm. The peak at m/z = 801.625 was assigned to the [Pt(OAm)2(acac)]
+
 ion. This proves that 
OAm can coordinate with Pt(acac)2 and form Pt(OAm)x(acac)y intermediates. Figure 3.2(e) 
shows the MALDI–TOF spectrum of Pt(acac)2/OAm/OA mixture. The peak of 
[Pt(OAm)2(acac)]
+
 did not appear. Two peaks at m/z = 350.350 and m/z = 599.682 were observed 
and assigned to the by-product between OAm and acac, with formulas of (C23H45NO+H
+
) and 
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(C41H80N2+H
+
). No significant peaks from Pt(OAm)4(OA)2 complex were observed, suggesting 
that it is more stable than Pt(OAm)4(acac)2 and harder to ionize. The change in the UV–vis 
spectra and mass spectra proved the dissociation of acac
–
 from Pt(acac)2 with the presence of OA 
and OAm and the formation of amino-diketone ligand. 
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Figure 3.2 UV–vis absorption spectra of (a) reactant mixture of Pt(acac)2 and OAm before 
reaction with different amounts of OA added: solid black line - 0 μL OA; red dot line - 30 μL 
OA; blue dashed dot line - 70 μL OA; and (b) acacH, the acacH product with OAm, and the 
acacH product with OAm and OA. MALDI–TOF of (c) Pt(acac)2; (d) mixture of Pt(acac)2 with 
OAm; (e) mixture of Pt(acac)2 with OAm and OA. 
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3.2.2 Effects of ligand tuning on the formation kinetics of Pt nanocrystals 
The ligand tuning changes the Pt precursor into different forms and affects the formation 
kinetics of Pt nanocrystals. After tuning Pt(acac)2 precursor with OAm and OA ligands, the 
mixture was reduced to Pt nanocrystals by the presence of CO at 210 °C. Figure 3.3 shows the 
color change of the reactant mixture during the synthesis of Pt nanocrystals. During the synthesis, 
the solution gradually turned dark, indicating the formation of Pt nanoparticles. The additional 
use of OA in the Pt(acac)2/OAm system slowed the formation kinetics of Pt nanoparticles 
dramatically, judged by the color change. In the system with only Pt(acac)2 and OAm, the color 
of the solution turned dark rapidly, within 10 min. For the system with 30 μL OA, the color of 
the solution turned dark at a slower rate. For the system with 70 μL OA, the color of the solution 
turned dark very slowly compared with the other two systems. 
 
 
Figure 3.3 Color change of the Pt(acac)2, OAm, and OA reactant mixtures as a function of OA 
content and reaction time. 
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During the synthesis of Pt nanocrystals, the UV–vis spectrum of the reactant mixture was 
monitored to provide more details on the synthesis reaction. Figures 3.4 to 3.6 show the UV–vis 
spectra of the reactant mixtures during the synthesis of Pt nanoparticles. The dependency of UV–
vis spectra on reaction time differs with the different amount of OA used. This was attributed to 
different reaction pathways of Pt(acac)2 tuned with OAm and OA. In the system with Pt(acac)2 
and OAm without OA, the 312 nm peak increased rapidly in the first 5 min, as shown in Figure 
3.4(a). This rapid change is accompanied by fast nucleation and growth of Pt nanoparticles. This 
could be explained by the release of acac
–
 ligand from Pt(acac)2 and the formation of amino-
ketone from the reaction between acac
–
 and OAm. With the increased concentration of amino-
ketone ion, the 312 nm peak increased in the UV–vis spectrum. In contrast, the increase of the 
312 nm peak was much slower in the system with 30 μL OA (Figure 3.5(a)) and was small in the 
system with 70 μL OA (Figure 3.6(a)). This is because most acac– ligand had been released and 
reacted with OAm during the preheating stage, and therefore less acac
–
 was left to continue 
reacting with OAm. 
Figure 3.4(b) shows the UV–vis spectra of the reactant mixture with Pt(acac)2, OAm, and 
without OA, during the later growth stage after 5 min. The 312 nm peak approached a maximum 
value, indicating that the concentration of amino-ketone reached a maximum. Figures 3.5(b) and 
3.6(b) show that, for the Pt(acac)2/OAm mixture with 30 μL OA and 70 μL OA, the 312 nm peak 
gradually decreased after reaching the maximum value. This could be the result of continuous 
condensation of amino-ketone with OAm, catalyzed by OA. This condensation reaction further 
led to a decreased concentration of amino-ketone. Noticeably, the maximum absorbance at 312 
nm in the system with 70 μL OA was about twice that of the maximum value in the system with 
no OA. Considering that the amount of acac
–
 ligand in the solution was the same in these 
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systems, the absorbance at 312 nm peaks should be the same value if all acac
–
 formed amino-
ketone in the initial growing stage. This difference suggested that in the system without OA, 
when Pt(acac)(OAm)2 was reduced, the acac
–
 did not completely form amino-ketone, but formed 
some other products. 
 
 
Figure 3.4 UV–vis spectra of Pt(acac)2 with OAm and without OA during reaction. (a) 0-5 min 
of reaction, and (b) 5-30 min of reaction. 
 
 
Figure 3.5 UV–vis spectra of Pt(acac)2 with OAm and 30 L OA during reaction. a) 0-5 min of 
reaction, and b) 10-60 min of reaction. 
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Figure 3.6 UV–vis spectra of Pt(acac)2 with OAm and 70 L OA during reaction. (a) 0-2 min of 
reaction, and (b) 2-60 min of reaction. 
 
Figure 3.7(a) shows the TEM micrographs of Pt nanocrystals sampled during the reaction, 
with different amounts of OA. The synthesized Pt nanocrystals are uniform in size and shape. 
The size of the Pt nanocrystals increased with reaction time in all three systems. The Pt 
nanocrystals in the sample synthesized with 30 μL OA and 70 μL OA have larger particle sizes 
than the sample without OA in the later growth stage (>10 min), while their sizes are comparable 
in the initial stages (<10 min). Figure 3.7(b) shows the evolution of nanoparticle size 
distributions based on the projected area of the nanoparticles. Figure 3.7(c) shows the increase in 
the average volumetric size of nanoparticles with reaction time. We did not observe new nuclei 
formed during the growth stage (>2 min). At the same reaction time, the product showed an 
increased size with the increased amount of OA as the result of kinetically controlled growth of 
Pt nanocrystals. In general, a higher formation rate leads to a burst of nucleation and high 
concentration of nuclei. The average size of nanocrystals will be smaller due to the higher 
concentration of nuclei. Vice versa, a slower formation rate leads to fewer initial nuclei and 
larger size of nanocrystal. 
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Figure 3.7 (a) TEM micrographs of Pt nanoparticles synthesized in OAm with 0 μL, 30 μL, and 
70 μL OA. The samples were taken at different times during the reaction. (b) Time evolution of 
average projected Pt particle size, synthesized with 20 mg Pt(acac)2, 9 mL OAm, and different 
amounts of OA. (c) Corresponding volumetric particle size evolution with reaction time. 
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We quantitatively analyzed the kinetic data of Pt nanocrystal formation in the system 
with OAm and OA and postulated three distinct growth models to describe the system. Figure 
3.8(a) shows the detailed kinetic data of Pt nanoparticles with different prenucleation ligand 
tuning, based on the analysis of TEM micrographs and ICP–OES data (see the Section 3.4 for 
details). With the additional use of OA from 0 μL to 70 μL, the kinetic curve switched from a 
fast sigmoid shape to a slow near-linear shape. 
 
 
Figure 3.8 Kinetic data for the reaction with curve fitting to different kinetic models. The inset 
shows the enlarged sigmoid curve of the 0 μL OA system. (b) Prenucleation interactions between 
metal precursor and ligands largely determine the growth mechanisms of Pt nanocrystals. 
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We used a modified two-step mechanism of pseudo-elementary reactions for data fitting.
6
 
This model describes a slow first-order reduction (Equation (3.1), rate constant k1) with a fast 
autocatalytic surface growth (Equation (3.2), rate constant k2), where A is the Pt precursor, B is 
the Pt nanocrystals, Bsurface is the surface area of Pt nanocrystals. (Notes in references: A 
modified two-step model considering the catalytic surface area of nanoparticles [Bsurface] as 
proportional to [B]
2/3
 can also be fitted well to kinetic data; for ease of understanding, we used 
[B] in the pseudo-elementary step presented here (see the Experimental Section 3.4 for details). 
Equation (3.3) describes the differential equation for the yield (y) of Pt nanoparticles with 
reaction time t. k2 is the apparent rate constant from data fitting, which is a convolution of k2 
with other parameters, including a geometric factor F, number density of nanocrystals n, the 
density of bulk Pt ρ, and initial concentration [A]0. 
1
A B
k
 , (3.1) 
2
surfaceA + B   2B
k
 , (3.2) 
2/3
1 2(1 ) ' (1 )
dy
k y k y y
dt
    , (3.3) 
1/3
2/32
2 02/3
' [A]
k Fn
k

 . (3.4) 
We fitted the kinetic data for systems with no OA and 70 μL OA to a two-step model. 
The fitting results suggest that the system of Pt(acac)2/OAm follows the two-step mechanism, 
with k1 = 0.003 ± 0.0001 min
–1
, k2 = 0.96 ± 0.02 min
–1
, adjusted R
2
 = 0.996. The system with 70 
μL OA presented a slow first-order reaction with k1 = 0.0022 ± 0.0002 min
–1
, and the 
autocatalysis reduction was inhibited with a small value of k2 = 0.002 ± 0.002 min
–1
, adjusted R
2
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= 0.9906, and therefore can be simplified to a one-step mechanism. In other words, the ligand 
tuning switched off the autocatalytic surface-growth step and resulted in a much slower growth. 
In addition, the system with 30 μL OA demonstrated a mixed kinetic feature of the above two 
systems, which can be described as a mixed mechanism. It is composed of an initial fast two-step 
mechanism (Equations (3.5) and (3.6)) and later a slow one-step first-order mechanism (Equation 
3.7). 
1
1A B
k
 , (3.5) 
2
2A B
k
 , (3.6) 
3
1 surfaceA  + B   2B
k
 , (3.7) 
where A1 and A2 represent two Pt intermediate species, corresponding to Pt(OAm)4(acac)2 and 
Pt(OAm)4(OA)2, respectively. The yield (y) of Pt nanocrystals can be calculated by numerically 
solving the following differential equations with initial value y0 = 0: 
2/3
1 2 2 2 3 2[100% exp( )] exp( ) ' [100% exp( )]
dy
k y C k t k C k t k y y C k t
dt
          , (3.8) 
1/3
2/33
3 02/3
' [A]
k Fn
k

 , (3.9) 
where C is the percentage of Pt precursor in the form of A2. 
We fitted the kinetic data of 30 μL OA, with Eq. 3.8 and obtained an optimized k1 = 0.05 
± 0.02 min
–1
, k2 = 0.0046 ± 0.0007 min
–1
, k3 = 0.72 ± 0.16 min
–1
, C = 0.79 ± 0.02, with adjusted 
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R
2
 = 0.99343. These rate constants agree with the previous fitting in their magnitudes and the 
model of mixed mechanism (see Section 3.4 for details). 
By tuning Pt(acac)2 with OAm and OA, we switched the growth of Pt nanocrystals from 
a two-step mechanism to a one-step mechanism with pseudo-elementary steps. Figure 3.8(b) 
summarizes the mode-switching effect of ligand tuning on the growth modes of Pt nanocrystals. 
Pt(acac)2 undergoes two general forms of complexation and three pathways to form Pt 
nanocrystals. For the system with only Pt(acac)2 and OAm, the Pt–OAm–acac complexes will 
form. This Pt–OAm–acac precursor has two pathways: 1) slow decomposition in free solution to 
release Pt(0) species, which contributes to the initial nucleation and then is deposited 
continuously to grow Pt nanocrystals; 2) adsorption on Pt surface and then decomposed through 
a surface autocatalytic reaction, which contributes to the continuous formation of Pt adatoms. 
The addition of OA converted Pt(acac)2 into more stable Pt complexes, such as Pt(OAm)4(OA)2. 
Such stable species were mainly reduced/decomposed in the free solution to release Pt(0) species, 
which deposited onto the Pt surface. This change switched the formation mechanisms to a 
different reaction pathway with a first-order rate-determining step. 
The switching-effect of ligand tuning on the growth mechanism altered both the 
nucleation and growth of Pt nanocrystals. The growth rate of nanoparticles was proportional to 
the reduction rate of the Pt complex and inversely proportional to the number density of nuclei. 
During the initial fast-nucleation stage, less-stable Pt intermediates were reduced to Pt(0), and 
contributed more to the formation of nuclei. The number density of nuclei in the solution was 
determined by the amount of readily available less-stable Pt intermediates, such as Pt(acac)2 and 
Pt(amine)4(acac)2. With the consumption of the less-stable Pt intermediates, the homogeneous 
nucleation in free solution became less favored over the epitaxial growth onto existing nuclei, 
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resulting in a relatively constant number density of nanocrystals. In the system containing only 
Pt(acac)2 and OAm, the higher concentration of less-stable Pt intermediates led to a burst of 
nucleation and created more nuclei. As a result, the average size of Pt nanocrystals was small. 
With the increase of OA, Pt(acac)2 was converted to more stable intermediates with a slower 
reduction kinetics. The slower reduction rate of Pt intermediates in free solution led to a lower 
number density of initial nuclei and larger particle size on average. 
 
3.3 Conclusions 
Understanding the metal–ligand interactions during the prenucleation stage is extremely 
challenging, but essential to the rational design of colloidal nanocrystals. We studied the 
complexation reactions between Pt(acac)2, primary amine, and carboxylic acid ligands in the 
solution phase using X-ray crystallography, MALDI–TOF, and UV–vis spectroscopy. We found 
that Pt(acac)2 could complex with primary amine to form tetraamineplatinum(II) acetylacetonate, 
or tetraamineplatinum(II) carboxylate in the presence of carboxylic acid. The formation kinetics 
of Pt nanocrystals was quantitatively analyzed based on the TEM and ICP–OES data. We found 
that the interactions between Pt(acac)2, OAm, and OA affected the formation kinetics of Pt 
nanocrystals by switching the growth between a pseudo-two-step and one-step mechanism. The 
system with Pt(acac)2 and OAm showed a high formation rate of Pt nanocrystals with small size. 
The additional use of OA in the system of Pt(acac)2 and OAm resulted in a lower formation rate 
and larger size of nanoparticles. This finding indicates that control of the metal ion–ligand 
interactions during the prenucleation stage can be used to control the formation kinetics and size 
of nanocrystals. 
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3.4 Experimental 
Materials. Platinum(II) acetylacetonate (Pt(acac)2, 98%, Strem Chemicals, Inc.), 
oleylamine (OAm, 70%, Aldrich), oleic acid (OA, 90%, Aldrich), acetic acid (HOAc, 99.7%, J.T. 
Baker), propanoic acid (PPA, 99.5%, Aldrich), butylamine (BAm, 99.5%, Aldrich), 
acetylacetone (acacH, 99.6%, analytical standard, Fluka), carbon monoxide (CO, 99.998%, S.J. 
Smith Co.), pure argon (Ar, S.J. Smith Co.), chloroform (99.8%, Fisher Scientific), and ethanol 
(200 proof, Decon Labs, Inc.) were used as received. 
 
Synthesis of Pt nanocrystals by tuning Pt precursor. In a typical synthesis, 9 mL OAm 
(27.4 mmol) and 70 μL OA (0.22 mmol) were premixed. To tune the Pt precursor, 20 mg 
Pt(acac)2 (0.051 mmol) was then added to the mixture, preheated at 80 °C for 20 min under 
magnetic stirring at 300 rpm. After the tuning step, the mixture was then immersed in an oil bath 
at 210 °C with 300 rpm magnetic stirring and CO was bubbled through the mixture at 110 
cm
3
/min to reduce the Pt precursor. During the reaction, aliquots were taken and washed with 
chloroform and ethanol (volume ratio 1:5) and centrifuged at 12000 rpm for 10 min to obtain 
nanocrystals. The supernatant liquids were transparent and varied in color. Nanoparticles was 
precipitated on the wall of the centrifuge tubes and then redispersed into chloroform for further 
characterization. 
 
UV–vis absorption spectra study. A Cary 60 UV–vis spectrometer (Agilent) was used 
for this measurement. A quartz cuvette was used. Chloroform was used as the solvent and pure 
chloroform was scanned as the background. During the particle synthesis, samples with 20 μL 
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volume were taken from the aliquots and dissolved in 4 mL chloroform. For the aliquots of Pt 
complex samples, 10 μL aliquots were first diluted in 1 mL chloroform, and then 20 μL of 
diluted solution was further diluted in 4 mL chloroform for UV–vis spectrum characterization. 
To study the reaction between acacH and OAm, 5.1 μL acacH (0.05 mmol) was added to 
33 μL OAm (0.1 mmol), or to the mixture of 66 μL OAm (0.1 mmol) and 32 μL OA (0.1 mmol), 
capped, and heated at 80 °C for 20 min. The obtained solutions were then diluted to 9 mL with 
chloroform. 40 μL samples were further diluted in 4 mL chloroform for UV–vis spectrum 
characterization. The equivalent concentration of acacH in chloroform is 5.5 × 10
–2
 mM. A 
chloroform solution of acacH at the same equivalent concentration was also characterized for 
comparison. 20 μL of OAm and 20 μL of the mixture of 10 mL OAm with 100 μL OA were also 
diluted into 4 mL chloroform for UV–vis spectrum characterization. The equivalent 
concentration of OAm is about 15.2 mM. The results are shown in Figure 3.9. No obvious peaks 
were observed at 274 nm and 312 nm, indicating that the peaks at 274 nm and 312 nm were not 
from free OAm or OA. 
 
 81 
 
 
Figure 3.9 UV–vis spectra of OAm and OAm/OA dissolved in chloroform. 
 
Mass spectrometry study of controlled Pt complex formation. To study the change in 
Pt(acac)2 precursor during preheating, Pt(acac)2 (39.4 mg, 0.1 mmol) was added to 329 μL OAm 
(1 mmol), or a mixture of 428 μL OAm (1.3 mmol) and 96 μL OA (0.3 mmol) heated at 130 °C 
for 5 min. 1 μL of the obtained mixture was dissolved in 90 μL chloroform and submitted for 
mass spectrometry measurement. The samples were characterized by matrix-assisted laser-
desorption/ionization–time of flight mass spectrometry (MALDI–TOF–MS) using an 
UltrafleXtreme MALDI TOF/TOF mass spectrometer (Bruker Daltonics). ChemDraw 
(Cambridge Software) was used to calculate the isotopic mass distribution of proposed 
complexes for further comparison with the experimental data. 
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X-ray crystal structure analysis. To study the interactions between Pt(acac)2, primary 
amine, and carboxylic acid, short-chain BAm, PPA, and HOAc were employed. By reacting 
Pt(acac)2 with BAm, or the mixture of BAm with HOAc or PPA at 130 °C in a glass vial with 
argon protection, Pt complexes were synthesized. The synthesized Pt complexes were extracted 
with hexane from the mixture and crystallized in toluene at room temperature with slow 
evaporation. A large number of transparent crystals were obtained. The obtained crystals were 
submitted for single-crystal X-ray diffraction analysis. 
 
Synthesis and crystallization of [Pt(NH2C4H7)4
 
]
 
(OOCCH3)2 ([Pt
2+
(BAm)4](OAc
–
)2). 
394 mg Pt(acac)2 was mixed with 2.5 mL BAm and 516 μL HOAc in a closed glass vial and 
heated and stirred at 130 °C for 5 min. After cooling down to room temperature, hexane was 
added to the solvent to extract and purify the product. The obtained yellow solution was then 
vacuumed to remove excess solvent and by-products. The obtained yellow liquid was dissolved 
in toluene and crystallized at room temperature by slow evaporation of solvents. The obtained 
single crystals were submitted for single-crystal X-ray diffraction. 
 
Synthesis and crystallization of [Pt(NH2C4H7)4](OOCCH2CH3)2 ([Pt
2+
(BAm)4](PPA
–
)2). 
788 mg Pt(acac)2 was mixed with 3.9 mL BAm and 670 μL PA in a closed glass vial and heated 
and stirred at 130 °C for 5 min. After cooling to room temperature, hexane was added to the 
solvent to extract and purify the product. The obtained yellow solution was then vacuumed to 
remove excess solvent and by-products. The obtained yellow liquid was dissolved in toluene and 
crystallized at room temperature by slow evaporation of solvents. 
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Synthesis and crystallization of [Pt(NH2C4H7)4](C5H7O2)2 ([Pt
2+
(BAm)4](acac
–
)2). In 
this study, 394 mg Pt(acac)2 was mixed with 2.5 mL BAm in a closed glass vial and heated and 
stirred at 130 °C for 5 min. The crystals were crystallized in hexane, in a similar method to that 
described above. 
 
Transmission electron microscopy (TEM) characterization of Pt nanocrystals. To 
study the growth kinetics of Pt nanocrystals, aliquots were taken during the reaction at different 
time points. The samples were first washed with chloroform and ethanol, then dispersed in 
chloroform and further dried on copper grids for TEM characterization. A JEOL 2100 Cryo 
TEM, 200 kV, equipped with a Gatan 2 K × 2 K CCD was used. The samples were browsed in 
TEM at low magnifications to examine the uniformity. Micrographs of representative areas 
covered with nanoparticles were taken for further analysis. The size distribution of Pt 
nanoparticles was evaluated by measuring the projected area of more than 200 nanoparticles with 
the software ImageJ. The projected areas of nanoparticles (A, nm
2
) were measured with ImageJ 
from TEM micrographs. The particles were approximated by spheres or cubes. The measured 
projected area of the particle (A) was then converted to particle volume (V) based on the formula 
of sphere or cubes. 
 
Correlating average particle size with kinetic data. Aliquots were centrifuged and the 
supernatant liquids were submitted for inductively coupled plasma–optical emission 
spectroscopy (ICP–OES) measurement using an Optima 2000 DV (PerkinElmer) to determine 
the yield of Pt nanocrystals. ICP–OES data were then correlated with the average volumetric 
particle size at the same reaction time, and the whole particle-size–time plot was converted into a 
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kinetic plot of the reaction. The obtained data were further fitted to different reaction models to 
calculate the kinetic constants. ICP–EOS measurement showed that the yields of Pt are: 0 µL OA, 
5 min 95.4%; 30 µL OA, 30 min 31.8%; 70 µL OA, 50 min 11.8%. 
We assumed that the number density of nanoparticles in solution was constant during the 
reaction. This assumption is based on two points: 1) the samples are statistically uniform in size 
and no new nuclei were observed in the product within the growth stage studied here; 2) previous 
in situ study also suggested that the change of nuclei number density because of coalesce 
happens at the very early stage (<100 s), after which the number density of nanoparticles would 
be constant in the later growth stage.
2
 Therefore, the particle number density n  is constant in 
each system, and can be described with the following equations: 
N
n
V
 , (3.10)
 
0
Pt
100%NP
N V
y
w
 
  , (3.11) 
NPy V , (3.12) 
where N  is the total number of nanoparticles in the solution with volume V, n is the number 
density of nanoparticles, y is the yield of Pt nanoparticles, 
NPV  is the average particle size 
measured in the volume, ρ is the density of bulk Pt, 0
Ptw  is the initial total weight of platinum in 
the system. 
 
Kinetic models for the formation mechanisms of Pt nanocrystals. We developed three 
kinetic models to describe the formation mechanisms of the Pt nanocrystals, including a two-step 
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mechanism, a one-step mechanism, and a mixed-two-step mechanism. 
 
I: Two-step mechanism: 
We developed a modified pseudo-two-step mechanism based on the Finke–Watzky (F–W) 
two-step mechanism,
6
 which is composed of a first-order reaction (Equation (3.1)) and a first-
order surface autocatalytic reaction (Equation (3.2)). 
1
A B
k
 , (3.1) 
2
surfaceA + B   2B
k
 , (3.2) 
where A is the Pt precursor, B is the active site on the Pt nanocrystals measured by the surface 
area of Pt nanocrystal per unit volume of solution. k1 and k2 are the rate constants of these steps. 
To capture the character of the surface-autocatalytic reaction, we used the surface area of B per 
volume of solution, denoted as [Bsurface]: 
The differential equations are expressed as follows: 
1 2 surface
[A] [B]
[A] [A][B ]
d d
k k
dt dt
    , (3.13) 
2/3 2/3 1/3
surface
[B] [B]
[B ] ( ) ( )Fn Fn
n 
  , (3.14) 
where F is the surface area to volume ratio for unit volume, n is the number density of 
nanoparticles, ρ is the density of bulk Pt. For a cubic shape, F = 6, for a quasi-spherical shape, F 
= 4.836. 
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The differential equation describing the yield (y) of Pt nanocrystals can be derived as 
follows: 
2/3 1/3
1 2
[B] [B]
[A] [A]( )
d
k k Fn
dt 
  , (3.15) 
1/3
2/3 2/32
1 02/3
(1 ) [A] (1 )
k Fndy
k y y y
dt 
    , (3.16) 
2/3
1 2(1 ) ' (1 )
dy
k y k y y
dt
    , (3.3) 
1/3
2/32
2 02/3
' [A]
k Fn
k

 . (3.4) 
 
II: One-step mechanism: 
When the formation rate is solely determined by a first-order reaction step, the system 
can be described by a one-step mechanism. In this model, the precursor A decomposed through a 
first-order rate-determining step into Pt nanocrystals B (Eq. 3.21). 
1
A B
k
  (3.1) 
The differential equation for the yield of nanocrystals can be derived as follows: 
1
[A] [B]
[A]
d d
k
dt dt
   , (3.17) 
1(1 )
dy
k y
dt
  , (3.18) 
1100% exp( )y k t   . (3.19) 
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III: Mixed Mechanism: 
We used a mixed mechanism to describe a synthesis system in which two different forms 
of precursor A1 and A2 coexist, for example in the forms of Pt(OAm)4(acac)2 and 
Pt(OAm)4(OA)2. The reaction of A1 follows a two-step mechanism (Eq. 3.5 and Eq. 3.6), and the 
reaction of A2 follows a first-order one-step mechanism (Eq. 3.7). 
First-order reaction: 
1
1A B
k
 , (3.5) 
First-order reaction: 
2
2A B
k
 , (3.6) 
Autocatalytic reaction: 
3
1 surfaceA  + B   2B
k
 . (3.7) 
The completion of Pt reduction y can be derived by numerically solving the following 
differential equations with an initial value: 
2/3 1/3
1 1 2 2 3 1
[A] [B] [B]
[A ] [A ] [A ]( )
d d
k k k Fn
dt dt 
     , (3.20) 
2
2 2
[A ]
[A ]t
d
k
dt
  , (3.21) 
1 2 0[A] [A ] [A ] [A] [B]    , (3.22) 
2 0
0
[A ]
[A]
C  . (3.23) 
Solving the above equations can obtain Eq. 3.8 and Eq. 3.9. 
2/3
1 2 2 2 3 2[100% exp( )] exp( ) ' [100% exp( )]
dy
k y C k t k C k t k y y C k t
dt
          , (3.8) 
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1/3
2/33
3 02/3
' [A]
k Fn
k

 . (3.9) 
 
Figures 3.10, 3.11, and 3.12 show the fitting results of three systems with varied amounts 
of OA. Figure 3.10 shows that the system Pt(acac)2 + OAm follows the two-step mechanism 
with k1 = 0.0020 ± 0.0002 min
–1
, k2 = 1.03 ± 0.03 min
–1
, adjusted R
2
 = 0.9932. Figure 3.11 
shows that the system with 70 L OA presented a first-order reaction with k1 = 0.0025 ± 0.0005 
min
–1
, with the autocatalysis reduction inhibited, adjusted R
2
 = 0.98873, and therefore can be 
simplified to a one-step mechanism. The change in the rate constants and reaction mechanisms 
are considered as the direct result of prenucleation ligand tuning of the nominal precursor 
Pt(acac)2. Figure 3.12 shows that the kinetic curve of 30 L OA can be fitted with a mixed-two-
step mechanism, with k1 = 0.09 ± 0.02 min
–1
, k2 = 0.004 ± 0.001 min
–1
, k3 = 1.54 ± 0.26 min
–1
, C 
= 0.80 ± 0.02 , adjusted R
2
 = 0.991. 
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Figure 3.10 The kinetic data for the reaction in the system with Pt(acac)2 and OAm, with curve 
fitting using different models. The two-step mechanism (Eq. 3.3) fits well with the data. The one-
step mechanism (Eq. 3.19) fails to fit with the data. 
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Figure 3.11 The kinetic data for reaction in the system with Pt(acac)2, OAm, and 70 µL OA, 
with curve fitting using different models. The two-step mechanism (Eq. 3.3) and the one-step 
mechanism (Eq. 3.19) both fit well with the data. 
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Figure 3.12 The kinetic data for reaction in the system with Pt(acac)2, OAm, and 30 µL OA, 
with curve fitting using different models. The mixed-two-step mechanism (Eq. 3.8) fits well with 
the data. The two-step mechanism (Eq. 3.3) and one-step mechanism (Eq. 3.19) fail to fit with 
the data. 
  
 92 
 
3.5 References 
(1) Zherebetskyy, D.; Scheele, M.; Zhang, Y.; Bronstein, N.; Thompson, C.; Britt, D.; 
Salmeron, M.; Alivisatos, P.; Wang, L.-W. Science 2014, 344, 1380–1384. 
(2) Zheng, H.; Smith, R. K.; Jun, Y.-w.; Kisielowski, C.; Dahmen, U.; Alivisatos, A. P. 
Science 2009, 324, 1309–1312. 
(3) Liao, H.-G.; Zherebetskyy, D.; Xin, H.; Czarnik, C.; Ercius, P.; Elmlund, H.; Pan, M.; 
Wang, L.-W.; Zheng, H. Science 2014, 345, 916–919. 
(4) Sun, Y.; Xia, Y. Science 2002, 298, 2176–2179. 
(5) Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; Hwang, N.-
M.; Hyeon, T. Nat. Mater. 2004, 3, 891–895. 
(6) Watzky, M. A.; Finke, R. G. J. Am. Chem. Soc. 1997, 119, 10382–10400. 
(7) Wang, F.; Richards, V. N.; Shields, S. P.; Buhro, W. E. Chem. Mater. 2013, 26, 5–21. 
(8) Zhang, H.; Li, W.; Jin, M.; Zeng, J.; Yu, T.; Yang, D.; Xia, Y. Nano Lett. 2011, 11, 898–
903. 
(9) Chiu, C.-Y.; Li, Y.; Ruan, L.; Ye, X.; Murray, C. B.; Huang, Y. Nat. Chem. 2011, 3, 393–
399. 
(10) Yin, Y.; Alivisatos, A. P. Nature 2005, 437, 664–670. 
(11) Mourdikoudis, S.; Liz-Marzán, L. M. Chem. Mater. 2013, 25, 1465–1476. 
(12) Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S. E. Angew. Chem., Int. Ed. 2009, 48, 60–103. 
(13) Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Na, H. B. J. Am. Chem. Soc. 2001, 123, 12798–
12801. 
(14) Liu, H.; Owen, J. S.; Alivisatos, A. P. J. Am. Chem. Soc. 2006, 129, 305–312. 
(15) Ortiz, N.; Skrabalak, S. E. Angew. Chem., Int. Ed. 2012, 51, 11757–11761. 
 93 
 
(16) Sowers, K. L.; Swartz, B.; Krauss, T. D. Chem. Mater. 2013, 25, 1351–1362. 
(17) Carenco, S.; Labouille, S.; Bouchonnet, S.; Boissière, C.; Le Goff, X.-F.; Sanchez, C.; 
Mézailles, N. Chem.–Eur. J. 2012, 18, 14165–14173. 
(18) Woodward, R. B. J. Am. Chem. Soc. 1941, 63, 1123–1126. 
(19) Dabrowski, J.; Kamienska-Trela, K. J. Am. Chem. Soc. 1976, 98, 2826–2834. 
 
  
 94 
 
Chapter 4 Kinetic-controlled Formation of Framed Pd Nanoplates 
via Ligand Tuning 
 
4.1 Introduction 
Palladium nanocrystals have attracted great attention for their application in catalysis,
1, 2
 
the hydrogen industry,
3, 4
 and biomedicine.
5, 6
 The properties of palladium nanocrystals are highly 
dependent on their size and shape.
7–10
 Various morphologies of palladium nanocrystals have been 
developed in solution-phase synthesis, including polyhedrons, nanowires, nanorods, nanoplates, 
and nanosheets.
11, 12
 Recently, two-dimensional (2D) growth of Pd nanostructures has attracted 
great attention because of the unique properties of the resulting structures.
13–17
 
Great effort has been made to understand the mechanisms controlling the formation of Pd 
nanocrystals. Xia and co-workers demonstrated that the twinning in Pd nanocrystals can be 
controlled by tuning the growth kinetics of Pd nanocrystals, achieved by the use of a different 
reducing agent
18
 or a different precursor.
19
 The reduction rate of the Pd precursor can be 
manipulated by adjusting the concentration of reducing agent, to produce size-controlled Pd 
nanosheets.
10 
Halides has also been used to control the morphology of Pd nanocrystals.
20, 21
 
However, the chemical mechanism behind the reduction of the Pd precursor and its 
impact on the formation kinetics of Pd nanocrystals is still not well understood. In particular, the 
various chemical environments used in research settings increase the complexity of the problem. 
The interactions between the Pd precursor and some common ligands, such as oleylamine (OAm) 
and oleic acid (OA) are still not clear. These interactions potentially can affect the coordination 
environment and the growth mechanism. Recently, Li and co-workers proposed that OAm can 
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coordinate with palladium acetylacetonate (Pd(acac)2) to form Pd(OAm)x(acac)y intermediates.
22
 
By using a different amount of OAm, they manipulated the reduction kinetics of Pd(acac)2. Xia 
and co-workers reported the dual role of Polyvinylpyrrolidone (PVP) as reducing agent and 
stabilizer in the synthesis of Pd nanoplates.
23
 Skrabalak and co-workers demonstrated that 
manipulating the ligand environment can alter the growth kinetics of Pd nanocrystals.
24, 25
 Our 
group identified the interactions between Pd(acac)2, carboxylic acid, and carbon monoxide (CO) 
in the synthesis of Pd nanosheets.
17, 26
 
In this chapter, we present the effects of ligand tuning on the kinetic control of the 2D 
growth of framed Pd nanoplates. The framed Pd nanoplates were synthesized in a system 
containing Pd(acac)2, OAm, and OA, with carbon monoxide (CO) present. To fully understand 
the interactions between the Pd precursor and ligands, and their collaborative roles in the 
formation of 2D metal nanostructures, the coordination and ligand-exchange mechanisms of 
carboxylic acid and amine with Pd(acac)2 were studied. We identified the Pd-ligand 
intermediates after the ligand-exchange reaction between Pd(acac)2 and both amine and acid. A 
semiquantitative kinetic analysis was performed to study of the effects of metal ion-ligand 
interactions on the formation kinetics and morphology of Pd nanoplates.  
 
4.2 Results and Discussion 
4.2.1 Coordination effects of amine and carboxylic acid with Pd(acac)2 
We identified the structures of four palladium intermediates formed from the reactions 
between Pd(acac)2, amine, and carboxylic acid using X-ray single-crystal diffraction. Butylamine 
(BAm) and acetic acid (HOAc) are used as the representing ligands of amine and acid. Their 
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short chains enabled the crystallization of intermediates while retaining the characters of the 
main functional groups. Figure 4.1 shows the thermal ellipsoid plots of palladium intermediates 
formed during the reaction between Pd(acac)2, butylamine, and HOAc. Four palladium 
intermediates were crystallized from the system (see Section 4.4 for details). In the system with 
Pd(acac)2 and pure butylamine, tetrabutylamine palladium acetylacetonate [Pd(BAm)4(acac)2] 
formed. With the addition of HOAc, tetrabutylamine palladium acetate [Pd(BAm)4(OAc)2] and 
bis(4-(butylimino)pentan-2-onato-N,O)-palladium(II) [Pd(BAm-acac)2] formed. Dibutylamine 
palladium acetato also was found when there was insufficient amine. 
 
 
Figure 4.1 Thermal ellipsoid plots of palladium intermediates formed during the reaction 
between Pd(acac)2, BAm, and HOAc at 50% probability level. (a) Tetrabutylamine palladium 
acetate; (b) bis(4-(butylimino)pentan-2-onato-N,O)-palladium(II); (c) dibutylamine palladium(II) 
acetato; (d) tetrabutylamine palladium(II) acetylacetonate. Palladium: dark blue; nitrogen: light 
blue; oxygen: red; carbon: gray. 
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Based on the structures of the Pd intermediates, we propose the reaction mechanisms 
between Pd(acac)2, amine, and carboxylic acid shown in Figure 4.2. When Pd(acac)2 is dissolved 
in a primary amine, the amine can function as a neutral ligand and coordinate with the Pd
2+
 ion. 
As a result, acac
–
 ionic ligand will be replaced and leave the Pd center. When Pd(acac)2 reacts 
with the amine and carboxylic acid, the carboxylic acid functions as a proton donor and becomes 
the carboxylate ion. The amine still functions as a coordinating ligand to the Pd
2+
 ion. The acac
–
 
will react with amine and proton to form amino-diketone and a water molecule. As a result, tetra-
amine palladium(II) carboxylate can form. In the meantime, the amino-diketone can also 
coordinate with Pd. Di-amine palladium(II) carboxylato can also form by removing amine from 
tetra-amine palladium(II) carboxylate. For an amine-dominated system, this would be unlikely to 
happen. 
Figure 4.2 summarizes the reaction mechanisms of Pd(acac)2 with a mixture of amine and 
carboxylic acid. When Pd(acac)2 is dissolved in pure primary amine and preheated, the amine 
will replace the acac
–
 ligand and coordinate with the Pd
2+
 ion. The acac
–
 anion will leave the Pd
2+
 
center and function as a counter ion to balance the charge. When Pd(acac)2 is dissolved in a 
mixture of primary amine and carboxylic acid, a similar ligand exchange between amine and 
acac
–
 happens. Meanwhile, the primary amine and carboxylic acid react readily forming 
ammonium carboxylate salts in the mixture. In this reaction, the primary amine will accept a 
proton from the carboxylic acid and become protonated. This protonated amine will further react 
with acac
–
 and form amino-diketone. At the same time, the carboxylate anion will become the 
counter ion. As a result, palladium(II) amine carboxylate will form in the mixture. 
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Figure 4.2 Reactions between Pd(acac)2, amine, and carboxylic acid. 
 
The UV–vis spectrum of Pd(acac)2 in OAm and the mixture of OAm/OA also proves the 
formation of amino-diketone by-product. The reaction mechanism between Pd(acac)2, OAm, and 
OA was also supported by the corresponding UV–vis spectra of the reactants during the 
preheating stage. Figure 4.3 shows the UV–vis absorption spectrum of the reaction mixture of 
Pd(acac)2, OAm, and OA after being preheated. We observed significant changes at the 
wavelengths of 274 nm and 312 nm in the spectrum, and assigned these peaks to the π–π* 
transition in acac
–
 ligand (diketone, λmax = 274 nm) and acac-OAm amide (amino-ketone, λmax = 
312 nm).
27, 28
 With the addition of OA, the peak at 274 nm decreased and the peak at 312 nm 
increased. This indicates that acac
–
 ligands are being released from Pd(acac)2 in OAm, and with 
the addition of OA, they were catalyzed to react with OAm and form acac-OAm amino-ketone. 
We found that the addition of 70 μL OA was sufficient to fully convert acac– into its amino-
ketone form. This agrees with the proposed interaction mechanism between Pd(acac)2, OAm, and 
OA (Figure 4.2). 
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Figure 4.3 UV–vis spectra of Pd(acac)2 solution in OAm with different amounts of OA. 
 
The proposed reaction mechanisms were further confirmed using matrix assisted laser 
deposition/ ionization–time of fly (MALDI–TOF) mass spectrometry characterization of the 
mixture of Pd(acac)2, OAm, and OA. Figure 4.4 shows the MALDI-TOF spectra of the solution 
of Pd(acac)2 in OAm with or without OA (see Section 4.4 for experimental details). When 
Pd(acac)2 was dissolved in OAm, a peak at m/z = 739.556 was observed using MALDI–TOF, 
and was assigned to the [Pd(OAm)2(acac)]
+
 ion. This peak came from the ionized 
Pd(OAm)2(acac)2. When Pd(acac)2 was dissolved in a mixture of OAm and OA, the peak 
associated with the [Pd(OAm)2(acac)]
+
 ion disappeared. Two peaks at m/z = 350.359 and m/z = 
599.641 were observed, and were assigned to the by-product between OAm and acac, with the 
formula of (C23H45NO+H
+
) and (C41H80N2+H
+
). The formation of these ions agrees with the 
proposed mechanism (Figure 4.2). 
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Figure 4.4 MALDI–TOF of (a) the mixture of Pd(acac)2 with OAm, and (b) Pd(acac)2 with 
OAm and OA. 
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4.2.2 Formation kinetics of Pd nanoplates controlled via amine–acid tuning 
Pd nanoplates were synthesized with using Pd(acac)2, OAm, and OA, with the presence 
of carbon monoxide (CO). The addition of OA to Pd(acac)2 and OAm decreased the formation 
rate of Pd nanocrystals during the reaction. Figure 4.5 shows the color change of the Pd(acac)2 
solution in OAm and the mixture of OAm/OA during the reaction. During the synthesis reaction, 
the color of the solution turned dark, indicating the formation of Pd nanocrystals. For the system 
without OA, the color of the solution started to change around 1 min and turned dark within 5 
min. In comparison, when 70 μL OA was added to the solution before reaction, the color change 
of the solution became very slow. The reaction solution turned dark within 20 min. Judged by the 
color change of the solution with reaction time, we conclude that the apparent formation rate of 
Pd nanocrystals is lowered with the addition of OA to the system. 
 
 
Figure 4.5 Color change of the reactant solution of Pd(acac)2 in OAm without OA, and 
Pd(acac)2 in OAm with 70 μL OA, over the course of the reaction. 
 
To quantify the formation kinetics of Pd nanocrystals, reactant mixtures were sampled 
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during the reaction, and diluted with chloroform for UV–vis characterization. Figure 4.6 shows 
the change of UV–vis spectrum of reactant mixture during the reaction. For the system without 
OA, the absorbance peak at 274 nm decreased while the peak at 312 nm increased. This indicates 
that the acac
–
 ligand was consumed by the aminolysis reaction with OAm. The absorbance in the 
wavelength range above 400 nm increased during the reaction. The absorbance in this range was 
primarily due to the light scattering of Pd nanocrystals. The increase of the absorbance indicates 
the increase of Pd nanocrystals concentration in the solution. For the system with 20 μL OA, the 
spectrum shows a similar trend to those in the system without OA. Meanwhile, the peak at 312 
nm reached higher absorbance than that in the system without OA. The absorbance in the 
wavelength range above 400 nm increased during the reaction, but not by as much as that in the 
system without OA. This indicates that a lower Pd nanocrystals concentration formed in the 
solution. For the system with 70 μL OA, the spectrum varied slightly at 274 nm and 312 nm. The 
continuous increase of absorbance for wavelengths above 400 nm also comes from the increased 
concentration of Pd nanocrystals. However, the absorbance above 400 nm did not increase 
greatly and only reached a lowest peak value among those systems. This indicates that the 
formation of Pd nanocrystals in the system with 70 μL OA is slow. 
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Figure 4.6 Change of UV–vis spectra of Pd(acac)2 with OAm and different amounts of OA 
during reaction: (a) without OA; (b) with 20 μL OA; and (c) with 70 μL OA. 
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The formation kinetics of Pd nanocrystals was analyzed semiquantitatively, using the 
light scattering of the nanocrystals by long-wavelength light (450–500 nm). This analysis is 
based on the assumption that UV–vis scattering is proportional to the concentration of Pd 
nanocrystals, regardless of other factors affecting light extinction. We set the absorbance 
measured from the sample collected at 30 min in the system without OA as the maximum Amax, 
presuming that the Pd has been fully converted at this point. The absorbance A from 450 nm to 
500 nm measured from other systems was normalized by this maximum light absorbance Amax. 
The averaged ratio of A/Amax within the 450–500 nm range was used as the indicator for the 
completeness of Pd nanocrystal formation. Figure 4.7 shows the dependency of A/Amax on 
reaction time. For the system without OA, the normalized absorbance A/Amax increased rapidly. 
In comparison, for the system with 70 μL OA, the normalized absorbance A/Amax increased 
slowly and only reached approximately 30% at 60 min. This indicates that the addition of OA 
slowed down the formation rate of Pd nanocrystals, which is in good agreement with the 
observed color change with reaction time. 
 
 
Figure 4.7 The change in normalized absorbance in the 450–500 nm wavelength range for the 
reaction with and without OA. 
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4.2.3 Growth of framed Pd nanoplates controlled via amine–acid tuning 
Figure 4.8 shows TEM micrographs of Pd nanocrystals synthesized in OAm, with 
different amounts of OA. In all of the systems, the main products are mainly Pd nanosheets with 
dark frames along the edges. The edge lengths of the Pd nanosheets rapidly increased to 
approximately a few hundred nanometers, within the first few minutes of the reaction.  After this 
initial rapid growth, it appears the edge lengths stopped increasing. As the reaction proceeded, 
the frame became darker in TEM, indicating their increased thickness. Meanwhile, the frames 
also became wider. For the samples collected during the synthesis of Pd nanocrystals without OA, 
thin Pd nanosheets with narrow frames were observed. The width of the frames increased to 
approximately 10 nm to 20 nm within 10 min. For the system with 20 μL OA, the products are 
Pd nanosheets with broader and thicker frames than those synthesized in the system without OA. 
The width of the frames continuously increased to approximately 30 nm to 100 nm within 50 
min. For the system with 70 μL OA, the Pd nanosheets appeared to be thin initially and turned to 
very dark nanoplates in the TEM micrographs, indicating their increased thickness during the 
synthesis. At the same time, the frames grew broader and thicker. Some of the frames eventually 
covered a large portion or even the whole area of the nanoplates. This clearly indicates that the 
frames grew inward to the center from the sides of the Pd nanoplates. 
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Figure 4.8 TEM micrographs of Pd nanocrystals synthesized with 0 μL, 20 μL, and 70 μL of OA, 
sampled at several time points during the course of the reaction. 
 
Figure 4.9(a) shows the TEM micrograph of a hexagonal Pd nanoplate, synthesized with 
70 μL of OA and sampled at 60 min. The length of the edge is approximately 150 nm. The center 
part appears to be brighter and the surrounding part along the sides appears to be darker, in 
bright-field TEM contrast. This indicates that the Pd nanoplate has a thin central section with a 
thick outer frame. The angles of all plates are close to 120, indicating that the zone axis is 
sixfold symmetric. Figure 4.9(b) shows the selected area electron diffraction (SAED) patterns of 
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the nanoplate, indicating that the zone axis is [1 1 1]. The corners are along the <220> directions. 
The kinematically forbidden 1/3 {422} diffraction pattern appears (circled in Figure 4.9(b)), 
indicating that there is (111) twinning in the nanoplate. This agrees with previously reported 
hexagonal nanoplates or nanosheets of Pd in the literature.
16, 17
 It is noticeable that the intensities 
of the 1/3 {422} diffraction spots are very weak compared with other diffraction spots. This 
indicates that only a small portion of the nanoplate is twinned. 
 
 
Figure 4.9 (a) TEM micrograph of a hexagonal Pd nanoplate, synthesized with 70 μL of OA and 
sampled at 60 min, and (b) SAED pattern of the Pd nanoplate. 
 
The scanning electron microscopy (SEM) micrographs confirmed that the obtained Pd 
nanosheets are growing inward with increased thickness along the sides. Figure 4.10 shows the 
morphology of Pd nanocrystals obtained with 70 μL of OA and sampled at 60 min. The center 
parts appear to be darker and thinner in SEM micrographs. The surrounding frames along the 
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sides appear to be brighter in SEM contrast, and show increased thickness compared to the 
central region of the nanoplates. The frames also show facets parallel to the (111) basal plane. 
Growth defects were observed on the nanoframes, including growth steps and kinks. The frames 
extend from the sides towards the central part of the nanoplates with larger thickness than the 
center, indicating there are both parallel growth and vertical growth. 
 
 
Figure 4.10 SEM micrographs of the Pd nanocrystals, showing frames on the Pd nanoplates. 
 
2D, framed Pd nanoplates have rarely been reported in the literature. The formation 
mechanism of such framed 2D structure is still controversial. The 2D growth of Pd nanoplates 
are often attributed to the presence of (111) twinning and strong-binding ligands on Pd(111) 
surface, such as CO.
11, 12, 16, 17
 Redjala et al. reported a similar structure of Pd nanoplates 
synthesized by radiolysis and photoreduction.
29
 They noticed the appearance of (200) diffraction 
spots in the SAED pattern of their sample, and therefore interpreted the framed structure as the 
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rolling up of the Pd nanoplates. Recently, Li et al. reported 2D Pd nanorings with an edge length 
of approximately 15 nm, and thickness of 1.1 nm, prepared with both Br
-
 and oxygen present.
14
 
They proposed that oxidative etching from the Br
-
 /O2 pair is the main formation mechanism of 
the 2D nanoring structure. The formation of ring-like 2D-structures in Ag and Au-Ag alloys is 
also commonly believed to occur via an etching mechanism. 
30-34
 However, no halide salts were 
employed in our study, and there the etching mechanism does not seem to apply. 
In our case, it is plausible that the frame-like structure were introduced by secondary 
growth twinning on the edges of the Pd nanoplates. Some researchers suggested that a (221) 
twinning can form a new crystal on the sides of the (111) basal plane of a face-centered cubic 
(FCC) metal.
35, 36
 Such new crystal from (211) twinning can stop the growth of the (111) basal 
plate. For the framed Pd nanoplates, it is possible that a similar growth twinning occurs on the 
sides of the Pd nanoplates and limits the further growth of the basal plate. Then the epitaxial 
growth on the (111) plane becomes energetically favored. New layers started to form from the 
sides of the basal plane, and grow inward and upward to form a thick wall-like structure. 
Figure 4.11 shows the proposed growth mechanism of the framed Pd nanoplates. At early 
stages of formation, the Pd nanoplates grew fast within the (111) basal plane. Later on, the 
parallel growth of the (111) basal plane was inhibited, possibly by the secondary twinning on the 
sides of the nanoplate.
35, 36
 New crystals started to form on the sides and grew inward and 
parallel to the plane. When the growth rate of these new crystals along the normal direction of 
the (111) plane became more significant, the thick, frame-like layers formed. 
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Figure 4.11 Schematic illustration of the growth mechanism of Pd nanoplates. The growth 
directions are indicated by gray arrows. 
 
Figure 4.12 summarizes the effects of Pd(acac)2–OAm–OA interaction on the formation 
kinetics and morphology of Pd nanoplates. When Pd(acac)2 reacts with OAm, Pd(OAm)4(acac)2 
forms. This intermediate can be reduced readily in these reaction conditions and produce higher 
concentrations of monomers. The higher concentration of monomers creates more nuclei for Pd 
nanoplates. In the later growth stage, fewer Pd atoms are deposited on each Pd nucleus. 
Therefore, the final thickness and broadness of the frame on the Pd basal plane will be decreased. 
When Pd(acac)2 reacts with OAm and OA, intermediates in the form of Pd(OAm)4(OA)2 and 
Pd(OAm-acac)2 form. These intermediate are more stable and can be reduced slowly under these 
reaction conditions. This leads to a lower concentration of monomers before nucleation. The 
lower concentration of monomers creates fewer nuclei for Pd nanoplates. In the later growth 
stage, more Pd atoms are slowly deposited on each Pd nucleus on average. Therefore, the final 
thickness and broadness of the frame on the Pd basal plane will be greater. In short, the 
formation of intermediates altered the formation kinetics of Pd nanoplates and led to a different 
final morphology of Pd nanoframes. 
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Figure 4.12 Schematic illustration of the effects of the Pd(acac)2–OAm–OA interaction on the 
formation of Pd nanoplates. 
 
4.3 Conclusions 
We clarified the reaction mechanisms between the Pd(acac)2 precursor and primary 
amines, with or without carboxylic acids, during the synthesis of Pd nanocrystals. We identified 
four palladium complexes formed from the interactions between Pd(acac)2, amines, and 
carboxylic acids. We found that the formation rate of Pd nanocrystals is closely tied to these 
reactions. When only OAm is used as the ligand and solvent, the formation rate of Pd 
nanocrystals is high. When a small amount of OA is added as a tuning ligand, the formation rate 
of Pd nanocrystals is reduced, primarily due to the formation of more stable Pd complexes. 
In addition, we found that a frame formed on Pd (111) nanoplates. This might be due to 
the limited growth of twin crystals formed along the sides of Pd nanoplates. Continuous vertical 
and inward lateral growth created the frame-like Pd nanostructures on the Pd (111) basal plane. 
With the slowed formation kinetics, the later growth of the secondary twin crystals becomes 
more significant with reduced number density of Pd nanoplates in the solution, forming broader 
and thicker frames along the hexagonal Pd nanosheets. 
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4.4 Experimental 
Materials. Palladium(II) acetylacetonate (Pd(acac)2, 99%, Strem Chemicals, Inc.), 
oleylamine (OAm, 70%, Aldrich), oleic acid (OA, 90%, Aldrich), acetic acid (HOAc, 99.7%, 
J.T.Baker), butylamine (BAm, 99.5%, Aldrich), acetylacetone (acacH, 99.6%, analytical 
standard, Fluka), carbon monoxide (CO, 99.998%, S. J. Smith Co.), pure argon (Ar, S. J. Smith 
Co.), chloroform (99.8%, Fisher Scientific), and ethanol (200 proof, Decon Labs, Inc.) were used 
as received. 
Synthesis of Pd nanocrystals using tuned Pd precursor. In a typical synthesis, 9 mL 
OAm (27.4 mmol) and 70 μL OA (0.22 mmol) were premixed. To tune the Pd precursor, 15.2 
mg Pd(acac)2 (0.051 mmol) was then added to the mixture and preheated at 80 °C for 20 min 
under magnetic stirring at 300 rpm. After the tuning step, the mixture was then immersed in an 
oil bath at 130 °C with 300 rpm magnetic stirring and carbon monoxide (CO) was bubbled 
through the mixture at 110 cm
3
/min to reduce the Pd precursor. During the reaction, aliquots 
were taken and washed with chloroform and ethanol (volume ratio 1:5) and centrifuged at 12000 
rpm for 10 min to obtain nanocrystals. The supernatants were transparent and varied in color. 
Nanoparticles were precipitated on the wall of the centrifuge tubes and then redispersed into 
chloroform for further characterization. 
 
UV–vis absorption spectra study. A Cary 60 UV–vis spectrometer (Agilent) was used 
for this measurement. A quartz cuvette was used. Chloroform was used as the solvent and pure 
chloroform was scanned as the background. During the particle synthesis, samples with 20 μL 
volume were taken from the aliquots and dissolved into 4 mL of chloroform. For the aliquots of 
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Pd complex samples, 10 μL aliquots were first diluted in 1 mL of chloroform, and then 20 μL of 
diluted solution was further diluted in 4 mL of chloroform for UV–vis spectrum characterization. 
 
Synthesis of Pd nanocrystals. 15.2 mg Pd(acac)2 was dissolved in 9 mL OAm and 
preheated in an oil bath at 80 C for 20 min. After preheating, the solution was transferred to a 
130 C oil bath and CO bubbled at 110 cm3/min. The solution was constantly stirred at 400 rpm. 
Aliquots were taken to measure the UV–vis spectra. Samples were washed with 
chloroform and ethanol and centrifuged to collect nanocrystals from precipitants. 
TEM and SEM characterization. Pd nanocrystals were washed and dispersed into 
chloroform, and deposited onto a carbon coated TEM grid. TEM characterization of Pd 
nanocrystals was performed using a JEOL 2100 Cryo-Transmission Microscope. The same 
sample on the TEM grid was also characterized with a Hitachi-S4700 SEM. 
 
Crystallization and characterization of Pd intermediates with X-ray crystal 
structure analysis. Butylamine and HOAc were used to replace OAm and OA, respectively. By 
reacting 303 mg Pd(acac)2 with butylamine and HOAc at 130 °C in a glass vial with argon 
protection, Pd complexes were synthesized. The synthesized Pd complexes crystallized at room 
temperature. A large number of transparent crystals were obtained. The obtained crystals were 
submitted for single-crystal X-ray diffraction analysis. 
 
Synthesis and crystallization of Pd(NH2C4H7)2(OOCCH3)2 [Pd
2+
(BAm)2(OAc
–
)2]. 303 
mg Pd(acac)2 was mixed with 2.5 mL BAm and 516 μL HOAc in a closed glass vial and heated 
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and stirred at 130 °C for 5 min. The solution was then kept at 90 °C and evaporated and dried 
under Ar gas flow. After cooling to room temperature, hexane was added to the vial to extract 
the product. The obtained yellow solution was then crystallized at room temperature by slow 
evaporation of hexane. The obtained plate-like single crystals were submitted for single-crystal 
X-ray diffraction. 
 
Synthesis and crystallization of [Pd(NH2C4H7)4](OOCCH3)2 ([Pd
2+
(BAm)4](OAc
–
)2). 
303 mg Pd(acac)2 was mixed with 2.5 mL BAm and 516 μL HOAc in a closed glass vial and 
heated and stirred at 130 °C for 5 min. The solution was then kept at 90 °C to partially evaporate 
BAm under Ar gas flow. After cooling to room temperature, hexane was added to the vial to 
extract the product. The obtained yellow solution was then crystallized at room temperature by 
slow evaporation of hexane. The obtained single crystals were submitted for single-crystal X-ray 
diffraction. 
 
Synthesis and crystallization of Pd(C5H7ONC4H7)2 [Pd(BAm-acac)2]. 303 mg Pd(acac)2 
was mixed with 2.5 mL BAm and 516 μL HOAc in a closed glass vial and heated and stirred at 
130 °C for 5 min. The solution was then kept at 90 °C and evaporated and dried under Ar gas 
flow. After cooling to room temperature, hexane was added to the vial to extract the product. The 
obtained yellow solution was then crystallized at room temperature by slow evaporation of 
hexane. The obtained fiber-like crystals were submitted for single-crystal X-ray diffraction. 
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Synthesis and crystallization of [Pd(NH2C4H7)4](C5H7O2)2 ([Pd
2+
(BAm)4](acac
–
)2). In 
this study, 304 mg Pd(acac)2 was mixed with 2.5 mL BAm in a closed glass vial and heated and 
stirred at 130 °C for 5 min. The solution was then kept at 90 °C and evaporated and dried under 
Ar gas flow. After cooling to room temperature, hexane was added to the vial to extract the 
product. The obtained yellow solution was then crystallized at room temperature by slow 
evaporation of hexane. The obtained single crystals were submitted for single-crystal X-ray 
diffraction. 
 
Mass spectrometry study of controlled Pd complex formation. To study the change in 
Pd(acac)2 precursor during preheating, Pd(acac)2 (30.5 mg, 0.1 mmol) was added to mixtures of 
OAm and OA at different volume ratios and heated at 130 °C for 5 min. To prepare sample “Pd 
complex1”, 329 μL of OAm was used. To prepare sample “Pd complex2”, a mixture of 428 μL 
OAm and 95.68 μL OA was used. 1 μL of obtained mixture was dissolved in 90 μL chloroform 
and submitted for mass spectrum measurement. The samples were characterized using matrix-
assisted laser deposition/ionization–time of flight mass spectrometry (MALDI–TOF–MS) with 
an UltrafleXtreme MALDI TOF/TOF mass spectrometer (Bruker Daltonics). ChemDraw 
(Cambridge Software) was used to calculate the isotopic mass distribution of proposed 
complexes for further comparison with the experimental data. 
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Chapter 5 Conclusions and Research Outlook 
 
5.1 Summary and Concluding Remarks 
This dissertation focuses on the metal–ligand interaction mechanisms in the solution-
phase synthesis of metal nanocrystals with controlled morphology. Intermediate species of 
platinum and palladium formed through the metal–ligand interactions between metal precursor 
and ligands were studied. The effects of the formed intermediates on the growth anisotropy and 
the formation kinetics of metal nanocrystals were investigated. 
In Chapter 2, the formation of intermediates in the synthesis of multilayered Pd 
nanosheets and the effects of intermediates on the anisotropic growth of metal nanocrystals were 
discussed. Highly anisotropic multilayered Pd nanosheets were synthesized in a model system, 
composed of Pd(acac)2, acetic acid (HOAc), and carbon monoxide (CO). Palladium(II) carbonyl 
acetate intermediates Pd4(CO)4(OAc)4 were discovered in the system. The structure of this 
intermediate was identified by single-crystal X-ray diffraction analysis and is believed to be the 
real precursor in the synthesis of Pd nanosheets. A unique structure of multilayered Pd 
nanosheets was characterized by transmission electron microscopy (TEM), atomic force 
microscopy (AFM), and scanning transmission electron microscopy (STEM). The formation of 
the Pd4(CO)4(OAc)4 complex is crucial for the formation of Pd (111) nanosheets. Results from 
density functional theory calculations with dispersion correction (DFT+vdW) suggested that the 
competitive adsorption of the Pd4(CO)4(OAc)4 complex and CO on Pd surfaces are the key 
factors controlling the anisotropic growth mode of Pd (111) nanosheets. This demonstrated that 
for a specific crystallographic surface, when adsorption of the metal intermediate is preferred 
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over the adsorption of competing ligands, growth on this surface would happen; vice versa, when 
the adsorption of a metal intermediate is less preferred compared to the adsorption of competing 
ligands, the growth on this surface would be inhibited. 
In Chapter 3, the formation of Pt intermediates through metal–ligand interactions and 
their effect on the formation kinetics of Pt nanocrystals was investigated. Pt nanocrystals with 
controlled size were synthesized from platinum(II) acetylacetonate Pt(acac)2, oleylamine (OAm), 
and oleic acid (OA), in the presence of CO. The intermediates formed through the interaction 
between Pt(acac)2, amine, and carboxylic acid were identified through single-crystal X-ray 
diffraction. The complexation reactions between Pt(acac)2, OAm, and OA were further studied 
with UV–vis spectroscopy and mass spectrometry. It was found that OAm can coordinate with Pt 
ions through ligand exchange with acac
–
 in solution. It was also found that carboxylic acid can 
catalyze this process and form tetraamine platinum(II) carboxylate. The formation kinetics of Pt 
nanocrystals was quantitatively studied. The results revealed that the metal–ligand interactions 
between Pt(acac)2, OAm, and OA led to the formation of different Pt intermediates, when the 
ligand environment was varied. 
In Chapter 4, the formation of Pd intermediates from metal–ligand interactions, and their 
corresponding effects on the formation kinetics and morphology of Pd nanoplates were studied. 
Pd nanoplates with frame structures on the sides were synthesized in a Pd(acac)2, OAm, OA, and 
CO system. The structures of Pd intermediates were identified via single-crystal X-ray 
diffraction. UV–vis spectroscopy and mass spectrometry were also employed to elucidate the 
reaction mechanisms in the solution during the synthesis of Pd nanoplates. The formation 
kinetics of Pd nanocrystals was semiquantitatively analyzed based on UV–vis spectra data. The 
results revealed that the interactions between Pd(acac)2, OAm, and OA altered the formation 
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kinetics of Pd nanocrystals, which led to the different morphologies of Pd nanoplates. 
In summary, this dissertation identified the metal ion–ligand interactions in the solution-
phase synthesis of metal nanocrystals with controlled morphology. Intermediate species of 
platinum and palladium that formed through the metal–ligand interactions between metal 
precursors and ligands were identified. It was determined that metal–ligand interactions and the 
metal intermediates affected the growth anisotropy and formation kinetics of metal nanocrystals.  
 
5.2 Research Outlook 
A general pathway describing the solution-phase synthesis of metal nanocrystals was 
proposed based on our results. This pathway includes four steps: I. Metal precursors react with 
ligands to form intermediates; II. These intermediates react in solution and form the initial nuclei; 
III. The intermediates diffuse in solution to the surface of nuclei or nanocrystals during growth; 
IV. The intermediates undergo surface reactions to form adatoms on nanocrystals. To understand 
the formation mechanisms, in particular the anisotropic growth of metal nanocrystals, further 
study on the surface reaction mechanisms will be necessary. 
 
5.2.1 Investigation of surface reaction of intermediates on metal interfaces 
The growth of metal nanocrystals from intermediates may involve the surface reaction of 
intermediates on metal surfaces. The reaction kinetics of metal intermediates on different 
crystallographic surfaces may vary greatly and therefore affect the anisotropic growth rate along 
different directions. The surface reaction of intermediates can be divided into three steps: 
adsorption of an intermediate on the surface, decomposition/reduction into metal adatoms on the 
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surface, and desorption of ligands from the metal adatoms. The reaction kinetics of the whole 
surface reaction is affected by the activation energy of each step. Knowledge of the activation 
energy would help to identify the rate-determining step, and to estimate the surface reaction rate 
of intermediates on different surfaces. This knowledge can further assist a more precise design of 
the metal nanocrystal morphology. Therefore, it is worthwhile to study the kinetics of surface 
reactions of metal intermediates. 
DFT calculations provide a useful tool to investigate the thermodynamic characteristics 
of a surface reaction and predict the surface-reaction kinetics. The rate-determining step can be 
discovered by calculating the activation energies of all the steps of the surface reactions. As has 
been demonstrated in Chapters 2, 3, and 4, metal intermediates are formed during the synthesis 
of metal nanocrystals in the solution phase. In Chapter 2, adsorption of the palladium carbonyl 
acetate intermediate was studied as a model system by performing a DFT calculation with 
dispersion correction (DFT+vdW). However, the adsorption behaviors of many other metal 
intermediates are still not clear and are worth investigating. Among the many possible forms of 
intermediates, as discussed in Chapter 1 Section 1.4, metal carbonyl clusters might be common 
intermediates in many solution-phase synthesis systems. Therefore, as a proof of concept, a study 
on the adsorption and decomposition behavior of a metal carbonyl on a metal surface using a 
DFT+vdW calculation would be beneficial to the understanding of surface growth on metal 
nanocrystals. 
 
5.2.2 Synthesis of metal nanocrystals with well-defined metal clusters 
As demonstrated in this dissertation, the formation of metal–ligand intermediates 
happened in situ in the synthesis system. The results provided us with valuable information to 
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understand the solution-phase synthesis method. However, the formation of intermediates was 
also affected by the reaction kinetics between metal precursor and ligands. The actual 
concentrations of different intermediate species in the synthesis system are sensitive to the 
preheating time and temperature. This can cause some uncertainty if the preheating parameters 
are not controlled precisely. To overcome this issue, well-defined metal clusters with protective 
ligands should be developed and directly employed as the real precursor. 
To design such metal-cluster precursors for the solution-phase synthesis of metal 
nanocrystals, an in situ study of the growth of metal nanocrystals using well-defined metal 
clusters or intermediates as precursors becomes necessary. Recent progress in synthesis,
1–4
 
kinetic modeling,
5–7
 in situ transmission electron microscopy (TEM),
8, 9
 and simulation works
10–
12
 have provided useful information about the growth of nanocrystals, and have received great 
attention. In particular, synchrotron-based in situ extended X-ray absorption fine structure 
(EXAFS) and small-angle X-ray scattering (SAXS) techniques have shown great promise to 
enable monitoring of the particle size and the coordination number of metal atoms during the 
early growth of nanocrystals.
13–16
 Theoretical simulations have also been widely used to 
complement experimental studies of the behavior of metal clusters during nucleation and growth 
of nanocrystals.
10–12
 The effects of well-defined metal clusters on the formation kinetics, 
anisotropic growth rates, and composition of metal nanocrystals can be investigated using in situ 
EXAFS and SAXS techniques. In addition, surface-reaction behavior of the clusters can be 
modeled via first-principles calculations. Both experimental and simulation work would enhance 
the control of nanocrystal-based products and increase the knowledge of metal precursor design 
for the synthesis of well-controlled metal nanostructures. 
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